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Preface 


This collection of questions and problems in physics is in- 
tended for the students of correspondence courses and evening 
classes in intermediate colleges and is in accord with the 
existing curriculum. 

The purpose of this book is to teach the students how to 
solve problems in physics. This should stimulate corre- 
spondence course students to work independently, encourage 
them to accumulate an adequate theoretical background, 
and develop in them the requisite aptitude for practical 
activity in various branches of the economy. 

Each section begins with a brief description of the basic 
theoretical concepts, laws, and formulas. This provides the 
maximum possible help to correspondence course students in 
solving problems. A large number of problems are supplied 
with detailed solutions and an analysis of the results, while 
in some cases different approaches are used to solve the same 
problem so that the student can discover the most rational 
form of independent study. 

The theoretical material is presented in a lucid form, and 
most problems are of medium complexity. However, each 
section contains tougher problems as well. Their solution 
requires a broader range of theoretical data, and will fa- 
cilitate a deeper understanding of the physics course. 

In keeping with the existing curriculum, problems in 
astronomy have also been included in the collection. Their 
solution requires the use of a star chart, which is printed 
on the fly-leaf. 

The authors are grateful to A. L. Kosorukov, a researcher 
at the Institute of Applied Mathematics of the USSR Acad- 
emy of Sciences, for the help in compiling the problems. 


R. Gladkova 
N. Kutylovskaya 


General Methodical Instructions 


Before starting a new chapter in this course, go through 
the contents of the textbook for this chapter, and write down 
the topics in a separate notebook. Having carefully read 
the list of topics, write down the numbers of the relevant 
sections in the margin. 

While studying the material in a section, it is necessary 
to read through the entire section without stopping at the 
difficult parts. During the second reading, think about the 
meaning of each sentence, and write down the derivation of 
the formulas, the definitions of the physical quantities and 
their units, as well as the formulation of the relevant laws of 
physics. Use the textbook whenever necessary. Your study 
of the section should be completed by revising the material, 
Tepeating the examples and explanations, and making notes 
of the derivations and diagrams. If you can reproduce the 
entire material without looking at either the textbook or 
your notes, it is safe to assume that you have grasped the 
subject. 

If difficulties are encountered while reading the theoreti- 
cal material, and if it is not possible to overcome these dif- 


ask your teacher and get 
е revising the main and 


them Jn your notebook without abbreviati 
Standing the essence of the problem. Usi 
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notation for physical quantities, write down the given quan- 
tities in SI units in the notebook. After this, write down 
the quantities to be determined. Use the tables in the Appen- 
dices for the extra quantities required to solve the problem. 

Having understood the physical phenomenon and using the 
physical laws applicable to a current problem, write down 
the necessary formulas to express the required quantity. 
In other words, solve the problem in the general form ana- 
lytically. Numerical values should be substituted in the 
final expression together with the units of the quantities. 
The units of quantities should be simplified first, followed 
by the numerical values. 

Obey the rules for operations with numbers. Whenever 
possible, use mathematical tables. All calculations should 
be made with a pocket calculator or a slide rule. The cor- 
rectness of the solution can be verified by comparing the 
result with the actual values of the quantities. Explanatory 
notes and figures should accompany each solution. The an- 
swers must be based on the laws studied before solving the 
problem, and should reveal the essence of the phenomenon 
involved. Solutions of typical problems and detailed expla- 
nations are included to help students tackle the problems. 
While studying the course on physics, students must pass 
tests to determine the level of their understanding of a top- 
ic, and also do practical work to strengthen their theoreti- 
cal background as well as to acquire a practical knowledge 
of the way equipment is handled. 

At the end of the course, correspondence course students 
have to pass examinations, where they must demonstrate a 
sound knowledge of theory, the formulation of laws, formu- 
las, and units of physical quantities. They must also learn 
how to identify problems in everyday practice on the basis 
of their knowledge of physical laws, and also how to solve 
physical problems. 


Chapter I 


Fundamentals of Molecular Physies 
and Thermodynamies 


$ 1. MOLECULAR KINETIC THEORY. MOTION OF MOLECULES, 
THEIR SIZE AND MASS 


Basic Concepts and Formulas 


The molecular kinetic theory explains the structure and prop- 
erties of bodies through the motion and interaction of the 
small particles constituting them. The theory is based on 
three postulates: ў 

1. All substances consist of very small particles, viz. 
molecules.! Molecules, in turn, consist of still smaller par- 
ticles, viz. atoms, which themselves are made up of pro- 
tons, electrons, and neutrons. 

2. Molecules are in a state of perpetual random motion 
known as thermal motion. As a result, every molecule pos- 
sesses a kinetic energy. 

3. Molecules of a substance interact with one 
The forces of interaction (attractive and repulsive) are 
electrical in origin. They depend both on the nature of the 
molecules and on their separation. Consequently, molecules 
possess a potential energy. 

The internal energy of a body is defined in molecul 
S as the sum of the kinetic energies of 
and the potential energies of their inter 

The number of molecules in an 
while their size and mass are ve 

The SI unit of the amount of 
à base unit. The mole is the am 
the Same number of structural 

C atoms in a mass of 0.012 kg. 


A mole of any substance contains the same number of 
molecules. This number is known as the Avogadro constant 


А. 


another, 


ar phys- 
all the molecules 
action. 

y body is extremely large, 
ry small. 

substance, viz. the mole, is 
ount of substance containing 
elements as the number of 


ic 


* A molecule is the smallest icl i 
its chemical ше 18 Ве particle of a substance that retains 
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Na. The mass of a molecule is 
то = М/МА, 
where M is the molar mass. 


The number of molecules in 1 m? of a substance is deter- 
mined from the formula 


n = Мло/М, 


where p is the density of the substance. 
The number of molecules in a given mass of a substance is 


N = mNAIM, 


where m is the mass of the substance and m/M = v is the 
number of moles. 

A gas whose molecules do not attract one another is 
called an ideal gas. 

Under normal conditions (T, = 273 К and py = 
101325 Pa), the molar volumes of all ideal gases are the 
same: Vm = 22.4x 10-3 m?/mol. 

The Loschmidt number Ny, is the number of gas molecules 
in 1 m? of a substance under normal conditions: 


Ny = ММУ, 
where Vm is the molar volume defined as 
Vm = M/po. 
The mean distance 7 between molecules is defined as 
i=/VIN, 
where V/N is the elementary volume per molecule. 


The mean free path A is the mean distance covered by a 
molecule between two successive collisions: 


h=v/2, 
where v is the arithmetic mean velocity of the molccules 
and z is the average number of collisions per second: 
:= 2 лает: 


Here dg, is the effective diameter of a molecule and n, is 
the number of molecules in 1 m? of a substance. 
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Worked Problems 


Problem 1. Determine the amount of subst. 
contained in (a) 1 kg of mercury, 
under normal conditions. 

Given: m, — 1 kg is the mass of mercury, V, — 5.6 dm? — 
9.6 x 10-3 m? is the volume of oxygen under normal condi- 
lions. From tables, we find the molar mass of mercury, 
M, = 200.6 х 10-3 kg/mol, the molar mass of oxygen, 
М. = 32 x 10-3 kg/mol, and the density of oxygen under 
normal conditions, py = 1.43 kg/m?. 

Find: the amount of substance vi in 1 kg of mercury and 


the amount of substance, v,, in 5.6 dm? of oxygen under 
normal conditions. 


Solution. The amount of subst 
can be determined as follows: 


ance (in moles) 
and (b) 5.6 dm? of oxygen 


ance in 1 kg of mercury 


1 kg 
v-—m/M, y= 300:8 3: "d kg/mol = 4:98 mol. 


In order to determin 


е the amount of substance in 5.6 dm? 
of oxygen, we calculat 


с e the mass m, of oxygen: m, = po Vo. 
This gives 
DoVo 1.43 kg/m? x 5.6 x 10-3 таз Е 
V=, n= E S — 0.2: 
" My E 32 x 10-3 kg/mol 0.25 mol. 


Answer. One kg of the mercury contains about 5 mol, and 
5.6 dm? of the oxygen contain about 0.25 mol. 

‚ Problem 2. Calculate the number of molecules contained 
in 0.5 kg of oxygen and in 5.0 cm? of carbon dioxide under 
M conditions, 

Wen: m, = 0.5 ke is the mass of oxygen 
9-0 X 10-5 а js te valine of carbon dio " 
анун, From tables, we find the molar mass of oxygen, 
diiit 10^ KE mol, and the molar mass of carbon 
Sie vents: dr 25 kg/mol (it is equal to the sum of 
stant Ve e carbon and oxygen), the Avogadro con- 


о = 5.0 cm? = 


X 1055 moli the molar у 1 aes 
22.4 y 2 AS , olar volume 
Ses i le za fmol, and the Loschmidt number Ni = 


Find: the number N. 


the number N, of : in 0.5 kg of oxygen and 
mole 3 F 6x4 
under normal ide in 5.0 cm? of carbon dioxide 
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Solution. The amount of substance in moles is у = m,/ M. 
Knowing that one mole contains Va molecules, we deter- 
mine the number of molecules in 0.5 kg of oxygen: 


№, =Ућ == т N/M, 


0.5 kg 


= 32 х 10-3 kg/mol 


:6.022 x 1023 mol! > 9.4 x 10%. 
In order to find the number of carbon dioxide molecules, 
N,, contained in 5.0 cm? under normal conditions, we use 
the relation 
Na — AVV 


where N4/V,, is the number of molecules in 1 më. This 
gives 


№. = 


6.02: 1023 mol-! . a = Е 
оз ща ^? X 10-6 ii? == 1.34 x 1020. 

Remark. The second part of the problem can be solved 
quite easily if we consider that 1 m? of a gas contains Ny 
molecules under normal conditions. Then №, = NLVo = 
2.68 10% m-3 x 5.0 x 10-6 m? = 1.34 x 109. 

Answer. The number of molecules in 0.5 kg of oxygen is 
approximately 9.4 x 10%, while 5.0 cm? of carbon dioxide 
contain 1.34 x 10° molecules. 

Problem 3. The molar mass of oxygen is 32 х 10-3 kg/mol. 
Determine the molar mass of air if the densities of. oxygen and 
air under normal conditions are 1.43 and 1.29 kg/m? re- 
Spectively. 

Given: the molar mass of oxygen, M, = 32 x 107? kg/mol, 
the density of oxygen, py, = 1.43 kg/m’, and the density of 
air, роз = 1.29 kg/m’. 

Find: the molar mass M, of air. 

Solution. The molar mass M can be expressed in terms of 
the mass то of a molecule and the Avogadro constant М 


М = тМА. 


The density ро of a gas under normal conditions is deter- 
mined from the relation pọ = MoN, where №, is the 

oschmidt number. 

Let us divide termwise the expressions for molar mass and 
density: M/p, = Na/Ny. But the ratio N4/Ny, of the two 
constants is a constant. Consequently, the molar masses of 
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two gases are directly proportional to their densities under 
normal conditions: 


Мира = Мы =... = NAIN. 
This gives 
М = роз М ба, 


М» = A es x 32 x 1073 kg/mol œ 29 x 10-3 kg/mol. 


Answer. The molar mass of air is approximately 29 x 
10-3 kg/mol. 

Problem 4. Determine the mass of an acetylene molecule 
C,H, and the density of acetylene under normal conditions. 

Given: the chemical formula of acetylene is C,H,. From 
tables, we find that the molar masses of carbon and hydrogen 
are Mc, = 24 x 10-3 kg/mol and Mu, = 2 х 10-3 kg/mol 
respectively. The Loschmidt number is Ny, = 2.68 x 


10% m-? and the Avogadro constant is Nx = 6.022 x 
1023 mo]-t, 


Find: the mass my of an acetylene molecule and the density 
Po of acetylene under normal conditions. 


Solution. The mass of an acetylene molecule can be deter- 
mined from the relation 


Мн, = 26 x 10-3 kg/mol. 
Remark. 'The molar mass of an 


1 y chemical compound, for 
example, ammonia NHs; 


can be determined in this way: 
М = Му + ЗМн = 17 x 10-3 kg/mol. 
For an acetylene molecule, we have 
— _ 26 X 10-3 k /mol 
70 — 5.022 x 105 порт = 4.32 x 10-28 kg. 


Knowing the mass mo of a molecule and th 
Z e number of 
molecules in 1 m? (equal to Мү), we can determine the den- 
Sity ро of acetylene under normal conditions: 
Ро = тоу, p, = 432 x 10-26 ke x 2.68 x 1025 m- 
= 1.16 kg/m’. 
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Answer. The mass of an acetylene molecule is approximate- 
ly 4.3 x 10-6 kg. The density of acetylene under normal 
conditions is 1.16 kg/m?. 

Problem 5. Calculate the approximate size of a water 


molecule assuming that molecules are 
spherical and touch each other. Sa TA 
Given: the chemical formula of water (XX) 
. KALA 
is H,O. From tables, we find the den- <<? SV ON 
sity of water, p — 1 x 10? kg/m?, at фе 
room temperature and the molar mass | gee 
0000 
is Na = 6.022 x 1073 mol-}. RAAS 

Find: the volume V and the diame- ` 

Fig. 1 
ter d of a water molecule. 

Solution. Knowing the density and the molar mass of 
water, we can determine its molar volume Vm: 

1Х 103 kg/m? 

One mole of any substance is known to contain Мл mole- 
cules. Consequently, the volume of a water molecule can be 
determined by dividing the molar volume by the Avogadro 
constant: 


7 


of water, М = 18 x 10-3 kg/mol (see 
Problem 4). The Avogadro constant 
Va=M/p, Vy = 181059 kemol L 4.8 x 40-5 m3/mol. 


V, 1.8 х 10-5 m3/mol А, 2 40-28 m3 
Page Иа О 
It was stated in the problem that water molecules are 
spherical and closely packed (Fig. 1), i.e. the gaps between 
the molecules are negligibly small. Hence we can assume 
that the elementary volume V taken from the molar volume 
Vm will contain one molecule whose diameter is approxi- 
mately equal to the edge of the cube: 


а= VY, 

а= 170.3 х 10-28 mi £29 x 1071? m. 
In the general form, the solution is 

d= V =YV m ТА := y ММА. 


Answer. The volume of a water molecule is approximately 
3 x 10-9 m3, and the diameter of a molecule is about 
3 х 10-19 m. 
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Problem 6. Calculate the mean distance between the cen- 
tres of molecules of an ideal gas under normal conditions. 

Solution. The molar volume under normal conditions is 
Vin = 22.4 x 10-3 m3/mol. One mole of any substance con- 
tains М) = 6.022 x 1023 molecules. If the molecules are 
assumed to be distributed uniformly over the entire vol- 
ume, the volume per molecule is V — Va МА. 

This volume can be regarded as a cube whose edge is 


equal to the mean distance d between the molecules (see 
Fig. 1): 


3 ^324 x 1078 158758 
= Sra J 22.4 x 10-3 m3/mol "S 
d= Ут, а= V 1073 mal 3.3 x 40 ? m. 


Answer. The mean distance between gas molecules under 
normal conditions is approximately 3.3 x 10-8 т. 

Problem 7. The arithmetic mean velocity of nitrogen mol- 
ecules under normal conditions is 453 m/s, Find the mean 
free path, the mean free time, and the mean momentum 


of a molecule if it undergoes 7.55 x 40? collisions рег 
second. 


Given: the arithmetic me 
nitrogen molecule under n 
number of collisions of the mo 
10° 3-1. From tables, we find 


an velocity v = 453 m/s of a 
average 
lecule per second, z = 7.55 x 
ihe molar mass of nitrogen, 
| ‚ and the Avogadro constant Na = 
6.022 х 10% molor B ko 


Find: the mean fre 
the mean momentum p of a molecule, 


Solution. As a result of the random motion, the values of 
» Ё, and p for molecules do not remain constant, Therefore, 
We must determine the mean values of these quantities: 


e path i, the mean free time 7, and 


> 
| 
> 
1 
iis 
In 
5 
р? 
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The mean momentum p of the molecule can be calcu- 


lated thus 

p=mp = (МІМА), 

== _ 29x40 9 kg/mol ,, 44 v 40-2 

P= 0955 тов mort Х 53 m/s œ 2.11 x 10-23 kg. m/s. 
Answer. The mean free path and the mean free time are 

6.0 x 10-8 m and 1.3 х 10-10 s respectively. The mean 

momentum of a nitrogen molecule is 2.11 x 10-23 kg. m/s. 


Questions and Problems 


1.1. What experimental facts clearly confirm the random 
nature of molecule motion and the relationship between the 
intensity of this motion and the temperature? 

1.2. Why is diffusion in liquids much slower than it is in 
gases? 

1.3. What physical process occurs when the surface of a 
solid is painted? 

1.4. Common salt placed in water is uniformly distribut- 
ed over the entire volume a certain time after being added. 


Explain this phenomenon. 

1.5. Why do gauge blocks 
(Johansson blocks) stick together 
when their end faces are brought 
in contact (Fig. 2)? 

1.6. What phenomenon is re- Fig. 2 
sponsible for gluing solids? 

1.7. One of the largest nuggets of gold, with a mass of 
62.3 kg, was found at the mouth of the Amazon river. How 
much substance is contained in it? 

1.8. Determine the mass of 1 kmol of carbon, nitrogen, 
and helium. 

1.9. What is the mass of 50 mol of oxygen? 

1.10. How many molecules are contained in 32 kg of 
oxygen and in 2 g of hydrogen? 

1.11. What is the volume occupied by 7 x 
of carbon dioxide under normal conditions? 

1.12. Determine the amount of substance contained in 6 g 
of carbon dioxide. How many molecules constitute this mass? 

1.13. What is the volume occupied by 0.6 х 10° atoms 
of graphite? The density of graphite is known. 


2—0530 


1028 molecules 


18 Ch. I. Fundamentals of Molecular Physics 


1.14. The density of brass is 8500 kg/m?. What does this 
mean? 

1.15. The density of aluminium is 2.7 x 10? kg/m?. How 
much substance is contained in 1 m? of aluminium? 

1.16. Determine the mass of a molecule and of an atom 
of oxygen, nitrogen, and helium. 

1.17. Calculate the molar mass of methane and the mass 
of a methane molecule CH,. 

1.18. A 1-um layer of silver is deposited on the surface of 
a metal mirror. How many silver atoms would be in a sur- 
face layer with area 25 cm?? 

1.19. A grain of common salt having а mass of 3 х 107? g 
is dissolved in 10 1 of water and uniformly distributed over 
the entire volume. How many molecules of salt are contained 
in 5 cm? of the solution? 

1.20. What is the ratio between the masses of a 10-80 
dust particle and an air molecule? The molar mass M of 
air is 29 x 10-? kg/mol. 

1.21. Comparing the densities of air and hydrogen, find 
the ratio between the masses of their molecules. 

1.22. Determine the mass of a propane molecule CH; 
and the density of propane under normal conditions. 

‚ 123. Calculate the mass of a butane molecule C,H, if 
its density under normal conditions is 2.67 kg/m, 

‚ 1.24. Given the density of hydrogen under normal condi- 
tions, determine its molar mass. 

1.25. A drop of mineral oil with a mass of 0.023 mg is 
Poured on the surface of water and forms a film 60 cm? in 
area. Assuming that the molecules in the film are arranged 
in one row, determine the size of a molecule. 

1.26. Determine the approximate mass and size of a mol- 
ecule of carbon disulfide CS, assuming that the molecules 
v ны packed and spherical. 

Me e be the length of a chain of the molecules 
How moss d mg of water and closely arranged in a row? 
mes y num can such а chain be wound around the 

ong the equator if the equator is 4 x 107-m long 


and the diameter of i > д 
EX oter g a molecule is 2.69 x 10-19 m? 


he ies of hydrogen and methane under nor- 
ee a 0.09 and 0.72 kg/m? respectively. Find 
2 x 104 е methane if the molar mass of hydrogen is 
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1.29. Determine the fraction of volume occupied by the 
gas molecules in a vessel containing a gas under normal 
conditions. The diameter of a molecule should be assumed 
to be 10-1? m. 

1.30. The mean velocity of a carbon dioxide molecule is 
362 m/s, and the average number of collisions of a molecule 
per second is 9 x 10°. Calculate the mean free path. 

1.31. The mean free path of molecules in a high vacuum 
is about 5000 km. What is the average number of collisions 
of gas molecules per second if the mean molecular velocity is 
560 m/s? 

1.32. The maximum altitude of the orbit of the Vostok 
spaceship is about 327 km above the ground. The mean free 
path of gas molecules at such an altitude is about 5 km. What 
would be the velocity of molecules if the number of colli- 
sions per second were approximately 0.11 5—1? 

1.33. The mean velocity of an oxygen molecule under 
normal conditions is 425.1 m/s. Determine the mean free 
path of the molecule if it undergoes on the average 6.57 x 
10? collisions per second. 

1.34. Determine the mean free path of air molecules un- 
der normal conditions. The effective diameter of the mole- 
cules should be taken to be 3 x 1077? m. 

1.35. Determine the mean free path of helium atoms 
under the conditions such that the number of atoms per 
unit volume (number density) is 3.2 x 10% m-?, and the 
effective diameter of helium atoms is 1.9 X 10-0 m. 

1.36. A nitrogen molecule moves under normal condi- 
tions at a mean velocity of 454 m/s. Determine the mean mo- 
mentum of the molecule. 

1.37. A carbon dioxide molecule having a momentum of 
2.7 x 10-9 kg-m/s undergoes 9.5 X 10° collisions per sec- 
ond. Determine the mean distance covered by the mole- 


cule between collisions. 
$ 2. VELOCITIES OF MOLECULES. BASIC EQUATION 
IN THE KINETIC THEORY OF GASES 
Basie Concepts and Formulas 


In their thermal motion, the molecules of monatomic gase 
undergo translation. Molecules consisting of several ato 
are in translatory as well as in rotary motion. 


5 


3* 8.6.8 2.7, WE LIBRARY 


Date = 
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Brownian movement and molecular collisions point to a 
permanent change both in magnitude and in direction of 
molecular velocities. For this reason, the properties of gases 
are studied by using the statistical approach, which makes 
it possible to calculate the mean values of velocities of 
molecules, their energy, and other parameters. 

The arithmetic mean velocity of all the molecules is 


wren Зи BRT gy RE 
N ta eM Aurei Ут, 
where M is the molar mass of the gas, R = 8.31 J/(mol-K) 


is the molar gas constant, and N is the number of the mole- 
cules. 


The root-mean-square velocity of molecules is 


vic 


v= 


S ^ ЗАТ gua RI 
Unig = apn 5518 p ux. 


The most probable velocity of molecules is 


р 2RT RT 
Sm say T. 


The basic equation in the kinetic theory of gases establishes 
a relation between the pressure of gas molecules and the 
kinetic energy of their translatory motion: 


where По is the number of molecules per m? (number densi- 
ty) and Ex is the mean kinetic ene 
In an isochoric process, the press 


al to its thermodynamic temper. 


rgy of a molecule, 
ure of a gas is proportion- 
ature: p,/p, = T,/T,, and 


Ey =- ЕТ 
This gives 

P = nykT, 
where k = 


нта RIN, = 1.38 x 10-23 J/K is the Boltzmann 
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are the same: 


Moi’rmsi MoV fms2 


Consequently, 


Worked Problems 


Problem 8. Determine the mean value of the kinetic ener- 
gy and the root-mean-square velocity of helium molecules 
under normal conditions. 

Given: the pressure and temperature of helium under nor- 
mal conditions are ро = 1.013 x 10° Pa and 7, = 273 K 
respectively. From tables, we find the molar mass of heli- 
um, M = 4 x 10-? kg/mol, the Boltzmann constant k = 
1.38 x 10-9 J/K, the Avogadro constant МА = 6.02 x 
1023 mol-!, and the density of helium under normal condi- 
tions, ро = 0.18 kg/m’. 

Find: the mean kinetic energy of a helium molecule, Ех, 
and the root-mean-square velocity of helium molecules, Vrms- 

Solution. We express the mean kinetic energy of a helium 
molecule in terms of the temperature: £j = (3/2) kT. For 
monatomic gases like helium, this will be the total kinetic 
energy of molecules: 


F = 3.51.38» 10-23 J/K x 273 К == 5.65 x 10% J. 


Since E = mov2ms/2, we have Urms= V 2Elms, where ть 
is the mass of a helium molecule, which can be expressed 
as the ratio of the molar mass and the Avogadro constant: 
то = МІМА. 

Finally, we obtain 


я 2EN 4 
Vrms = р 2% 5 
E 2X 5.65 x 10-21 J x 6.02 x 1023 mol 

Vrms = 4510-5 kg/mol c 1300 m/s. 
Answer. The mean kinetic energy of a molecule is 5.65 


10-21 у the root-mean-square velocity is about 1300 
senn 1, W b. LIBRARY 


Date 
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Remark. 'The root-mean-square velocity can also be found 
from the formula Vems = V 3py/p,. 

Problem 9. Calculate the number of air molecules in a 
room of size 6 x 4 x 2.5 m3 at a temperature of 27°C and 
a pressure of 99.8 kPa. 

Given: V — 60 m? is the volume of air in the room, 7 = 
300 K is the air temperature, р = 99.8 x 10? Pa is the air 
pressure. We know the Boltzmann constant A = 1.38 x 
10-9 J/K from tables. 

Find: the number N of air molecules. 

Solution. The number № of air molecules in the room 
can be determined from their number density (their num- 
ber in 1 m?) and the volume of the air: 


N eng. 
In order to find по, we shall use the basic equation p — 


ПТ in the kinetic theory of gases, whence ny = p/kT. 
This gives 


pM 
N- ETC 
Substituting the numerical values, we get 
— _ 99.8 х 103 ра х 60 m3 — 1.45 x 1027 
— 138xX10-9 JIKX300K = 1-49 X Е 


Answer. Тһе room contains 1.45 x 1027 air molecules, 


Questions and Problems 


24. Determine the arithmetic mean and the root-mean- 
Square velocity of air an 


d oxygen molecules ¢ i 
of 300 M yg $ at a temperature 

2.2. Helium and neon have the same temperature. Mole- 
eulos of which of the gases have a higher mean kinetic ener- 


2.3. At what temperature is the root-mean-square veloci- 
ty of oxygen molecules equal to 500 m/s? 


А 2.4. What is the ratio between the root-mean-square ve- 
pum of helium and neon molecules at the same tempera- 
re? 


2.9. The critical temperature of h i i 
L ydrogen is 32 K, while 
the hydrogen in the Sun’s atmosphere pe about 6000 K. 
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Determine the root-mean-square velocities of hydrogen 
molecules at these two temperatures. 

2.6. Calculate the mean kinetic energy of hydrogen mole- 
cules at the temperatures mentioned in Problem 2.5. 

2.7. What is the temperature of a monatomic gas if the 
mean kinetic energy of its molecules is 0.8 x 10-!* J? 

2.8. Determine the mean kinetic energy of translatory 
motion of all the neon molecules in 1 mol and in 1 kgat 
1000 K. 

2.9. What must be the temperature of hydrogen for its 
molecules to have the same root-mean-square velocities as 
that of helium at 580 K? 

2.10. One cubic metre of a gas contains 2.4 X 107? mole- 
cules at 27°С. Determine the gas pressure. What is the term 
applied to such a degree of rarefaction? 

2.11. How many molecules are there in 0.5 m? of a gas at 
300 К and a pressure of 120 kPa? 

2.12. Determine the mean kinetic energy of monatomic 
gas molecules at 310 К. How many molecules are there in 
1 m? of such a gas at 0.4 MPa? 

2.13. Determine the pressure of nitrogen in an ampoule if 
the number density of the molecules in it at 0°C is 3.5 x 
10H, 

2.14. Find the root-mean-square velocity and the mean 
kinetic energy of helium molecules at 20°С. 

2.15. The pressure of the rarefied air between the walls of 
a Dewar flask is 1.33 x 10-? Pa at 0°С. How many mole- 
cules does a cubic centimetre contain? 

2.16. A vessel whose volume is 2 m? contains 2.4 kg of a 
gas. What is the gas pressure if the root-mean-square veloc- 
ity of its molecules is 500 m/s? А 

2.17. How many air molecules are contained іп а 4 X 
5 x 3 m? room at 20°С under a pressure of 90 kPa? 

2.18. What is the increment in the mean kinetic energy of 
translation of molecules in a monatomic gas heated from 
0°С to 373 К? 

2.19. А gas has leaked from а 5-1 cylinder because of a 
faulty valve. As a result, the gas pressure dropped by 
2.9 kPa. The temperature in the cylinder remained unchanged 
at 17°С. How many molecules escaped from the cylinder? 

2.20. After an electric heater had been switched on, the 
air temperature in the room was raised from 17 to 22°С at a 
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constant pressure. By what amount (in percent) was the 
number of air molecules in the room reduced? 

2.21. Hydrogen leaked from a 1-m? cylinder because of a 
damaged valve. Initially, when the hydrogen was under a 
pressure of 5 MPa, its temperature was 280 K. After some 
time, the temperature rose to 290 К at the same pressure. 
How many hydrogen molecules escaped from the cylinder? 
What was the decrease in hydrogen mass? 

2.22. The root-mean-square velocity of thermal motion of 
gas molecules was increased by a factor of two. Determine 
the change in the thermodynamic temperature of the gas and 
in the kinetic energy of thermal motion of molecules if the 
gas was monatomic. 


8 3. EQUATION OF STATE FOR AN IDEAL GAS. ISOTHERMAL, 
ISOCHORIC, AND ISOBARIC PROCESSES 


Basic Concepts and Formulas 


The physical quantities characterizing the state of a body 
are known as parameters. In order to characterize the state 
of a gas, three parameters are needed: pressure p, volume V, 
and temperature 7. The equation relating the three param- 
eters is known as the equation of state for an ideal gas. 


А For a fixed mass of a gas, the equation of state has the 
orm 


И „ Ра РИ. 
TT — const, or Er mE me 


If the gas was first under normal conditions (ро, Vo, То) 
and then changed to a state for which the parameters became 
р, V, and 7, the equation of state has the form 


PoVolT = pVIT. 


It should be noted that Ро and To are know 
à 3 Po € o are known and equal to 
1.013 X 105 Pa and 273 K. Therefore, in order to determine 
У, it is sufficient to know the values of p, V, and T. 
The equation of state of a gas is applicable to isothermal, 


M and isochoric processes. Indeed, by cancelling out 
e parameter which is constant for a given process, we ob- 
ain: 
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for an isothermal process 
p,V, = рҮ for T = const, т = const, 


for an isobaric process 
V,/T, = VyT; or V/V; = T,/T, for р = const, т = const, 
and for an isochoric process 


р Pa. [ou = = 

T. E On E T. for V = const, m = const. 
In the general case when the mass m is known or is to be 

determined, the equation of state of an ideal gas is 


7 т 
ру — RT, 


where M is the molar mass of the gas and В = 8.314 J/ 
(mol.K) is the molar gas constant. 

Using this equation, we can determine the density of a 
gas as a function of its temperature and pressure. Dividing 
both sides of the equation by volume V and substituting 
density p for m/V, we obtain 

BM p 
Ее 
For a fixed mass of a gas, M/R is constant. Consequently, 
the gas density is directly proportional to pressure and in- 
versely proportional to thermodynamic temperature. 

Dalton's law. If a vessel contains a mixture of several 
gases which do not react chemically, the pressure of the gas 
mixture is equal to the sum of the partial pressures of each 
ваз taken separately, i.e. 

p = р + Pe + Ps + en 


where p,, рз, Ps · · · are the partial pressures, i.e. the 
pressures exerted by each gas separately as if it alone were 
occupying the entire vessel. 


Worked Problems 


Problem 10. A cylinder contains a gas at a temperature 
of 17°C and a pressure of 1.0 MPa. What will be the change 
in the pressure if the temperature is lowered to —23°C? 
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Given: t, = 17°C and p, = 1.0 MPa are respectively the 
temperature and pressure of the gas in the first state, and 
te = —23°C is the gas temperature in the second state. 

Find: the change in pressure, Ap, in the cylinder as a re- 
sult of the transition of the gas from the first to the second 
state, 

Solution. We use the equation of state for the gas, p, VyT,— 
P2V,/T,. Since the change in gas pressure occurs with 
decreasing temperature but at a constant volume (an iso- 
choric process), we have V; = V. and pip, = TiTa. 
Hence p, = p,T,/T, and 


Ap = p, — p». 


We shall write the parameters for the first and second states 
of the gas separately. The parameters of the first state are 
Di — 1.0 x 10* Pa, T, — 290 K, and the parameters of the 
Second state are 7, — 250 K, Po =? 

Let us determine the gas pressure p, after the temperature 
has been lowered and calculate the pressure difference Ap: 


рь Sari X 1.0 x 10° Pa — 0,86 x 109. Pa, 


Ap — (1.0— 0.86) x 109 Pa = 0.14 x 10° pa. 


Answer. The gas ressure in the cylinder dropped b 
0.14 MPa. za б = x 
Problem 11. A 20.1 vessel is filled with air at a pressure 
of 0.4 MPa and connected to another vessel from which all the 
air has been pumped out. The pressure in the two vessels 
equalizes at 1.0 x 405 Pa. Determine the volume of the 
Second vessel, assuming that the process is isothermal, 
4 MPa = 0.4 x 109 Pa апа V, = 201 = 
0.02 m are respectively the pressure and the volume of the 
gas in the first state and P2 = 1.0 x 105 Pa is the gas pres- 
ig after the second vessel has been connected to the first 
Pind: volume V of the second vessel. 
Solution. An isothermal process occurs at a constant tem- 
petature (7, = 2) and obeys Boyle’s law, which is forma- 
! = Const, ог p,V, = p,V,. After 
s : 15 connected to the first, the gas occupies 
© volume V, = V, Ly Consequently, PV, = p, (V, + 
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V), or 
E SV Vs 
whence 
5 piVa 7 , _ 0.4 х 10% Ра х 0.02 m3 e 
J P СЁ 103105 Pa 0.02 m3 
= 0.06 m?. 


Answer. The volume of the second vessel is 60 1. 

Problem 12. What was the temperature of a gas if as a 
result of isobaric heating through 1 K its volume increased 
by 0.0035 of the initial value? 

Given: AT — 1 K is the change in the gas temperature 
and AV — 0.0035 V, is the increment in the gas volume. 

Find: T,, the initial temperature of the gas. 

Solution. As a result of heating, the gas temperature has 
increased by 1 К, hence 7, = 7, -- AT. The gas volume 
has increased thereby from V; to V;, i.e. Va = Vy + AV. 

Since the process occurs at a constant pressure (p, = pg), 
the equation of state can be transformed as follows: 

Yi Vs «o M sI ues , 
Tr 9 ТЕТРА (Charles! law). 

Let us solve this equation for 7,: V,;7, + V, AT = 

У, ТГ, + AVT,, whence 
V,AT mio ОЖ — Е 
=, T, =-0.0035, = 286 К. 

Answer. The gas temperature before heating was 286 K. 

Problem 13. Two cylinders having volumes З 1 and 7 1 are 
filled respectively with oxygen at a pressure of 200 kPa 
and nitrogen at a pressure of 300 kPa at the same tempera- 
ture. The cylinders are connected and after a certain time 
each will contain a gas mixture at the same temperature. 
Determine the pressure of the gas mixture in the cylinders. 

Given: Ух = 3 1 and рох = 200 kPa are the volume 
and the pressure of the oxygen prior to the connection of 
the cylinders, Уши = 7. 1 and pias = 300 kPa are the 
volume and the pressure of the nitrogen prior to the con- 
nection of the cylinders. | 

Find: the pressure p of the gas mixture. 
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Solution. According to Dalton's law, the pressure of a gas 
mixture is equal to the sum of the partial pressures of the 
gases: р = рох + рэпи, Where po, and pónit аге the 
partial pressures of the oxygen and the nitrogen. П 

After the cylinders have been connected, each gas occupies 
a volume equal to the sum of the volumes of the cylinders: 
Vox 2 Vonit == У! ох + Vinit. 

Let us write the parameters of the two states for the oxy- 
gen and nitrogen in SI units: 


for oxygen 
state 7 state 2 
Vios = 3 10-3 пз, Vox = 3 x 10-3 тз 
+7 х 10m? — 1 x 10-2 m5, 
Prox = 2 X 105 Pa, Рова = P 
for nitrogen 
state 7 state 2 
Уши = 7 х 10-3 m3, Vinit = 1 х 10- m?, 


Рти = 3 X 105 Ра, Dini = ? 


The process is isothermal, hence 7 = const. 
In order to find P$ox and 


о fin P2nit, we use Boyle's law 
PioxViox — P20xVd0x, PinitVinit = PinitVoni for each gas 
separately: 
о — —PioxViox 2х 10° Pa x3 x 10-3 m3 АЕ 
Dox Vi 13140 mi 0.6 x 105 Pa, 
, PinitV init 3105 Pa x 7 x 10-3 m3 М 
2ni 7 x 
Ponit эт 1310-7 mi 2.1 x 105 Pa. 


Finally, we obtain 


р = 0.6 х 105 Pa +21 x 10° Pa = 2.7 x 105 Ра. 
Answer. The 


ressure of tl i i li 
но p re oi the gas mixture in the cylinders 
pe 14. The air in a ball 


oon at a temperature of 
a has a volume of 2.5 1, 
water at a temperature of 
es to 2 x 10° Ра. What is 
of the air in the balloon? 


and a pressure of 99.75 kP 
When the balloon is immersed in 
5°C, the air pressure in it increas 
the change in the volume 
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Given: t, = 20°C, p, = 99.75 kPa, and V, = 2.5 1 are the 
temperature, pressure, and volume of the air before the 
balloon is immersed in water, tą = 5°C and p, = 2 х 10° Pa 
are the temperature and pressure of the air after the immer- 
sion of the balloon in water. 

i Find: the change AV in the volume of the air in the bal- 
oon. 

Solution. Before the balloon is immersed in water, the 
state of the air in it is characterized by the parameters 
Pı, Vi and T,. After immersion, the parameters are ps, 
Vs, and То. 

Let us write the parameters of the gas in states 7 and 2 
separately, expressing them in SI units: 


state 7 state 2 
р, = 9.975 x 104 Pa, py = 2 x 10* Pa, 
И: = 2:52 40 ms, Vy? 
T, = 293 К, T, = 278 К. 
As the air changes from state 7 to state 2, all three param- 


eters change. Consequently, we must use the equation of 
state to determine the final volume V;: 


whence 


у 9.975 x 104 Ра х 2.5 x 10-3 m?x 278 К 4,2 x 40-3 m3. 
= 293 Kx х 10° Ра ў 


Calculations show that the volume of ће air in the balloon 
changes as a result of its immersion in water by 
ДУ = V, — Va, 
AV —2.5 10-3 шз — 4.2 х 10-3 m’ = 1.3 x 107 паз. 


Answer. The change in the volume of the air is 1.3 X 
10-3 m = 4.3) L 

Problem 15. A cylinder having a volume of 0.6 m? con- 
tains oxygen at a temperature of 27?C. A pressure gauge on 
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the cylinder indicates 11.7 MPa of excess pressure.? Reduce 
the volume of the oxygen to normal conditions and deter- 
mine its mass. 

Given: V, — 0.6 m? is the volume and T, = 27°С is the 
temperature of the oxygen in the cylinder, Pg = 11.7 MPa 
is the reading of the pressure gauge, T, — 273 K, p, — 
1.013 х 10 Pa are the temperature and pressure under nor- 
mal conditions. From tables, we take the density ро = 
1.43 kg/m? of oxygen under normal conditions, the molar 
mass of oxygen, M = 32 x 10-3 kg/mol, and the molar gas 
constant А = 8.31 J/(mol-K). 

Find: the volume V, of the oxygen under normal condi- 
tions and the mass m of the oxygen in the cylinder. 

Solution. From the reading of the pressure gauge, we de- 
termine the gas pressure in the cylinder: p, — Dg + Ро = 
11.7 х 10* Ра + 0.1013 x 10* Pa = 11.8 x 10* Pa. Re- 
ducing the volume to normal conditions means determining 
the volume the gas would occupy at a temperature of 273 K 
and a pressure of 1.013 x 10° Pa. 


We shall write the parameters of th 


е oxygen in SI units 
for the two stat»s: 


State 7 


state 2 
Pı = 11.8 х 106 Pa, Po — 1.013 x 105 Pa, 
V, — 0.6 m?, T, = 273 К, 
T, — 300 K, И =? 


We solve the problem by using 


у the equation of state for 
an ideal gas: 


whence 


VAT, 
У. = Mau 
» Tip, * 


11.8 X 106 Pax 0,6 qa 97 
yu ах 0.6 тз x 273 К 

H 300 K х 1.013 x 105 Pa = 63.6 m3, 
— 


2 The excess indi 
res. е n 
between the cd essure indicated on a pressure gauge is the difference 
sure, 


Ssure of the gas in the cylinder and atmospheric pres- 
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From V, and pọ, we can determine the mass of the oxygen: 
m = роо, т = 1.43 kg/m? x 63.6 m? = 91 kg. 


Answer. The volume of the oxygen under normal condi- 
tions is 63.6 m?, the mass is approximately 91 kg. 
Remark. The problem can be solved by using the equation 


pV; = i RT,, from which we first determine the mass 


т = wu. We can find the gas volume from the density 
1 


of the oxygen under normal conditions: 
Vo = m/pp. 


Problem 16. A cylinder contains acetylene at 27°C under 
a pressure of 4.05 MPa. What will the pressure in the cylin- 
der be after half the mass of the gas has been used up if the 
temperature has fallen thereby to 12°C? 

Given: T, = 300 K and p, = 4.05 x 40° Pa are the ini- 
tial temperature and pressure of the gas in the cylinder, 


7, = 285 K is the temperature of the remaining gas, ms = 
0.5 m, is the mass of the consumed gas. 
Find: the pressure р, of the gas remaining in the cylinder. 
Solution. In this problem, the temperature, pressure, and 
mass of the gas change. Therefore, it is best to use the equa- 


tions of state for the two cases in the form 


pia A RT, and р»; = Озы RT,. 


Dividing the first equation by the second termwise and can- 
celling out mj, M, В, and the unknown volume V, we 
obtain 


whence 


р» 0.5 х 4.05 хата х 285 К _ 192.4 x 10* Pa 


œ 1.92 x 106 Pa. 


Answer. The pressure of the acetylene remaining in the 
cylinder is approximately 1.92 MPa. 
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Problem 17. Determine the density of hydrogen at a tem- 
perature of 17°С and a pressure of 204 kPa. 

Given: T = 290 К and p = 2.04 x 10° Pa are the tem- 
perature and pressure for which the density of hydrogen has 
to be determined. From tables, we obtain the molar mass of 
hydrogen, M — 2 x 10-? kg/mol, and the molar gas con- 
stant R = 8.31 J/(mol-K). 


Find: the hydrogen density p. 

Solution. We write the equation of slate pV = У RT. 
Dividing both sides by V, we obtain p= at. where 
m/V is the density. Then p=p 25, whence 


М _ 2.04 105 Pax 2x 10-3 kg/mol e 
nT? 8.31 J/(mo-K)x290 к = 0:17 kg/m?. 


Answer. The density of hydrogen is 0.17 kg/m?. 
Problem 18. Plot the graphs for an isothermal, isobaric, 
and isochoric process in p-V coordinates. 


Solution. An isothermal process occurs at a constant tem- 


perature 7 — const and obeys Boyle's law. According to 
PMPa 
" дм 
te 22 isobar 
02 07 
0 2 4 6 vm 0 02 04 Vm? 


Fig. 3 


Fig. 4 


this law, the pressure of a giv 
Verse proportion to its volum 
sented by a hyperbola, 


en mass of a gas varies in in- 
е. Such a dependence is repre- 
S which is known in physics as an 
pres "n order to plot the graph, it is sufficient to keep 

Tocuct pV constant, say, pV = 4. ibi rbit- 
rary values 2,4, 6791216 y, p 2. Ascribing arbit 


х - to the volume, we calculate tl 
Corresponding pressures: 0.6, 0.3, 0.2 ihe a 


a scale, we plot the graph (Fig. 3) Be Tne MT 


^ 
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'The volume of a gas in an isobaric process varies with tem- 
perature at constant pressure p — const. The process is 
graphically represented by a straight line parallel to the 
V-axis. For an isochoric process, the pressure varies at a 
constant volume V = const. This de- 
pendence is represented by a straight 
line parallel to the p-axis (Fig. 4). 

Problem 19. Which of the two iso- 
therms (Fig. 5) plotted for the same 
mass of a gas corresponds to a higher 
temperature? 

Solution. We construct the isochor 
for a certain volume V,. The isochor 
intersects the isotherm corresponding 
to the temperature 7, at a pressure ру, 
and the isochor intersects the isotherm 
for T, at a pressure py. Since the same volume corresponds 
to states Z and 2, we сап write p,/7, = р»/Т. from Gay- 
Lussac’s law. Since рь > pı Ts >> 7;. Consequently, the 
upper isotherm corresponds to the higher temperature. 


Questions and Problems 


3.1. А vessel contains 10.2 1 of a gas under normal condi- 
tions. What volume will the gas occupy at a temperature of 
40*C and a pressure of 1 MPa? 

3.2. А gas occupies a volume of 4 l at a temperature of 
—50°С and a pressure of 196 kPa. At what pressure will this 
gas occupy a volume of 16 1 if heated to 20°С? 

3.3. At what temperature do 4.0 m? of a gas produce a 
pressure of 150 kPa if the same mass of the gas under normal 
conditions has a volume of 5 m?? 

3.4. А 45-1 cylinder contains oxygen at a temperature of 
27°C and a pressure of 1.52 MPa. What volume would the 
gas occupy under normal conditions? 

3.5. Compressed oxygen for welding is stored in 20-1 cyl- 
inders at a pressure of 9.8 MPa and a temperature of 290 К. 
Reduce the volume of oxygen to normal conditions. 

3.6. A 6-1 cylinder contains 0.1 kg of a gas at a temper- 
ature of 300 К and a pressure of 9.44 х 10° Pa. Determine 


the molar mass and identify the gas. 


3—0530 
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3.7. What amount of gas (in moles) is contained in a 10-1 
cylinder at a pressure of 0.29 MPa and a temperature of 
17°C? 

3.8. Determine the mass of carbon dioxide stored in a 
cylinder having a volume of 401 at a temperature of 13°C 
and a pressure of 2.7 MPa. А 

3.9. Determine the amount of gas (іп moles) occupying а 
volume of 25 1 at a pressure of 1.4 х 10° Pa and a tem pera- 
ture of 300 K. 

3.10. A mountain-climber takes in 5 g of air with each 
breath under normal conditions. What volume of air must 
he inhale in the mountains where the atmospheric pressure is 
lower than that at sealevel and is 79.8 kPa at a temperature 
of —13°C? 

3.11. Under normal conditions neon occupies a volume of 
12.4 l. How many times will the pressure of the gas increase 
if it is placed in a vessel having a volume of 5.6 1 at a tem- 
perature of 318 K? 

3.12. An ideal gas occupies а volume of 2 1 at a pressure 
of 1.33 kPa and a temperature of 15°С. What will be the 
pressure if the temperature is doubled, while the volume de- 
creases by 0.25 of the initial value? 

3.13. А 40-1 cylinder contains 64 g 
pressure of 213 kPa. Determine the tem 

3.14. 42 g of acetylene are kept in 
temperature of 17°C. Determine the a 
in the gas and its pressure. 


of oxygen under a 
perature of the gas. 
а 20-1 cylinder at a 
mount of substance 


3.15. А 40-1 cylinder contains 1.98 kg of carbon dioxide 
at 0°C. When the temperature is increased through 48 K, 
the cyli 


nder explodes. At what pressure does the explosion 
occur? 


3.16. Calculate the molar mass of but. 
have a mass of 4. 


of 87 kPa. Calcu 
3.17. At the b 
sel engine, the temperature of the air was 40°C and the pres- 
‘Pa. As а result of compression, the volume 


end of the com 


3.18. The volume of 265 
273 К and a pre уа 
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3.19. Determine the mass of air in a room of 6 x 5 x 
3 m? at a temperature of 293 K and a pressure of 1.04 x 
10° Ра. The molar mass M of air is 29 x 10-3 kg/mol. 

3.20. What will the final temperature of a gas mixture in 
an internal combustion engine be if it occupies a volume of 
40 dm? in the cylinder at a temperature of 50°С under nor- 
nral atmospheric pressure and is compressed by the piston 
to a volume of 5 dm? and a pressure of 15.2 x 105 Pa? 

3.21. A cylinder contains a gas at a temperature of 7?C 
and a pressure of 91.2 MPa. What will be the pressure after 
0.25 of the mass of the gas has flown out of the cylinder and 
the temperature has risen to 27?C? 

3.22. A closed vessel of 2-m? volume contains 1 kg of 
nitrogen and 1.5 kg of oxygen. Determine the pressure of 
the mixture in the vessel if the temperature of the mixture 
is 17°C. 

3.23. Determine the density of oxygen at a temperature 
of 47°C and a pressure of 10° Pa. 

3.24. The pressure of air 10 km above the surface of the 
Earth is about 30.6 kPa and the temperature is 230 K. De- 
termine the density of the air, the number density of the 
molecules, and their root-mean-square velocity at this alti- 
tude, 

3.25. 7 g of a gas contained in a cylinder at 27°C produce 
a pressure of 4.9 x 10! Pa. 4 g of hydrogen at 60°C produce a 
pressure of 43.5 x 10! Pa in the same volume. Determine the 
molar mass of the unknown gas and identify it. 

3.26. What will be the increase in the mass of air in a 
room if the atmospheric pressure changes from 9.84 x 10* 
to 10.1 x 104 Pa and the air temperature remains unchanged 
and equal to 273 К? The size of the room is4 X 5 X 2.5 m?, 

3.27. A vessel containing 10 1 of air under a pressure of 
1 MPa is connected to а 4-1 empty vessel. Determine the 
final air pressure in the vessels, assuming that the process is 
isothermal. 

3.28. A vessel contains a gas under a pressure of 5 X 
105 Ра. What will the gas pressure be if 3/5 of the mass of 
the gas has flown out, the temperature being maintained 
constant? р 

3.29. Plot the graphs of an isothermal process in V-T 
and p-T coordinates. 

3.30. The bladder of a football having a volume of 2.5 1 


ae 
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must be inflated to a pressure of 300 kPa. The pump takes 
in 0.14 1 of air under normal atmospheric pressure during 
one siroke. How many strokes are required if the bladder 
was initially empty? 

3.31. Given two equations of isothermal processes for 
the same mass of a gas: p,V, — 6 and рУз = 9. Plot the 
graphs in p-V coordinates and answer the following ques- 
tions: (1) in which units is the product pV expressed? (2) 
which of the isotherms will be further from the coordinate 
axes and why? 

3.32. Dry atmospheric air consists of oxygen, nitrogen, 
and argon. Disregarding other components whose concen- 
trations are very small, determine the masses of these gases 


Fig. 7 


in 1 m? of atmospheric air under normal conditions if their 
partial pressures are 2.1 х 10* Pa for oxygen, 7.8 x 10* Pa 
for nitrogen, and 10? Pa for argon. 


3.33. Represent an isobaric process graphically in V-7, 
D-V, and p-T coordinates. 

-94. Figure 6 shows two isobars plotted for the same 
mass of a gas, Which of the two isobaric processes occurs at 
а higher pressure and why? 

3.35. A gas is heated isobarically from T, to Т, (Fig. 7). 
What changes occur in the gas? 

3.36. What volume will a gas occupy at 348 K if its 
volume at 35°C is 7.5 1? The process is isobaric. 
и 3.97. A gas occupies a volume of 10 1 at 27°С. To what 
emperature should 


it be cooled isobarically to reduce its 
volume by 0.25 of the initial value? j 
3.38. Through how 


many degrees Kelvin should the tem- 
perature of a gas þe increased in an isobaric process to in- 


$ 4. The Change in the Internal Energy 37 


crease its volume by a factor of 1.3 in comparison with the 
volume occupied by it at 0°С? 

3.39. A certain mass of a gas is taken through a closed 
cycle 7-2-5-/ in which the state of the gas changes isobaric- 
ally-isochorically-isothermally. Represent these processes in 
V-T and p-V coordinates. 

3.40. A balloon of volume 4500 m? is filled with helium 
at 290 K. The mass of the envelope is 677 kg. Determine 
the lifting force of the balloon at a temperature of 27°С, 
assuming that the atmospheric pressure remains unchanged 


and is 102 kPa. 


8 4. THE CHANGE IN THE INTERNAL ENERGY DURING HEAT 
TRANSFER AND DUE TO MECHANICAL WORK 


Basic Concepts and Formulas 


When several bodies having different temperatures come 
into contact, heat transfer takes place, as a result of which 
the temperature of the bodies equalizes, and thermal equilib- 
rium sets in. The internal energy of the bodies being heated 
increases at the expense of the energy given away by the 
bodies with higher temperatures. It has been established 
that the change in the internal energy of a body is propor- 
tional to its mass and to the change in its temperature: 
AU — Q — cm AT, where Q is the amount of heat (a mea- 
sure of the change in the internal energy) expressed in joules 
(J), and c is the proportionality factor known as the specific 
heat of a substance. For example, the specific heat of alu- 
minium is 920 J/(kg.K), which means that the internal 
energy of 1 kg of aluminium increases by 920 J when its 
temperature is raised through 1 в. 

In order to determine а specific heat, the heat balance 
equation is employed. This equation is constructed by estab- 
lishing the processes in which the energy is released (during 
cooling or as a result of fuel combustion) and the processes 
in which energy is absorbed (as a result of heating). 

For example, a body of mass m; and specific heat с; has a 
temperature 7, and is exchanging heat with a body of 
mass т.о, which has a specific heat cs and a temperature T}. 
It is known that 7, > Tọ. Then the first body gives away 
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the following amount of heat: 


Qery = em, (T, — 6). 


The second body receives as a result of the heat transfer the 
following amount of heat: 


Qree = cam, (Ө — Т,), 


where © is the final temperature of the two bodies. Since 
energy is conserved, we can write Олу + Огьс = 0. This 
gives 

em, (T, — Ө) = ejm, (© — T4). 


This is the heat balance equ 
bodies. 

А body can be heated at the expense of the energy released 
during fuel combustion. The amount of heat liberated is pro- 


portional to the mass of the burnt fuel and depends on which 
fuel it is: 


ation for the system of two 


Q = фт, 
where q is the specific heat of com 
per kilogram (J/kg) and m, is 

Not all the he 
is usefully spen 
pates, This ist 


bustion of the fuel in joules 
the mass of the burnt fuel. 
at liberated during the combustion of a fuel 
t on heating. A fraction of the heat dissi- 
aken into account by introducing the efficiency 


of a heater: 
y= Qusetul 
spent 
If Quen; = ст АТ, and Qspent = дт, we have 
cm AT 
1] = 
qm, 


The internal energy of a bod 
change when а mechanical w 
energy of a body ога system 
completely into internal ener 


Y or a system of bodies may 
ork is done. The mechanical 
of bodies can be transformed 
gy, i.e. be spent on heating: 
Q = ДЕ, + ДЕ,, 

where AE, and AE) are the changes in the kinetic and po- 


tential energies of the body. 


The first law of th 7 i 
vation). The sx ermodynamies (the law of energy conser- 


Dt of heat transferred to a closed system 
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is spent on increasing its internal energy and on the mechan- 
ical work done against external forces: 


Q—AU t A, 


where Q is the amount of heat transferred to the system, 
AU is the change in its internal energy, and А is the work 
done by the system. 

For isochoric processes, V — const, and hence 


A —pAV =0, Q = AU, 


i.e. the heat transferred to a gas is completely used to in- 
crease its internal energy. 
In isobaric processes, p — const, and hence 


Q — AU +4, 


i.e. the heat transferred to a gas is spent on increasing its 
internal energy and on the work done to expand the gas. 

For isothermal processes, — const, and hence the in- 
ternal energy does not change. Therefore, Q = А. The heat 
supplied to a gas during an isothermal process is completely 
spent on the mechanical work done by the gas. 

Adiabatic processes occur in the absence of any heat 
exchange with the surroundings, i.e. Q — 0. Therefore, the 
first law of thermodynamics in this case will have the form 


Q — AU +A, or A = —AU, 


i.e. an adiabatically expanding gas does work at the expense 
of the change in its internal energy, being cooled thereby. 


Worked Problems 


Problem 20. In order to determine the specific heat of 
copper, a copper cylinder of mass 0.5 kg is heated to 100°С 
and then placed in an aluminium calorimeter of mass 40 g, 
containing 300 g of water at a temperature of 15°С. As a 
result of heat exchange, the calorimeter stabilizes at tem- 
perature 26°С. What is the specific heat of copper in this 
experiment? Compare the obtained result with the tabulat- 
ed value and determine the absolute and the relative error. 

Given: ть = 0.5 kg is the mass of the copper cylinder, 
T — 373 K is the initial temperature of the cylinder, m4 — 
0.04 kg is the mass of the calorimeter, my = 0.3 kg is the 
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mass of the water, T, — 288 K is the initial lemperature of 
the water and calorimeter, and O — 299 K is the final tem- 
perature of the water, calorimeter, and cylinder. From ta- 
bles, we take thespecific heat of aluminium, са = 880 J/(kg- К), 
and the specific heat of water, Cy = 4187 J/(kg- К). 
The tabulated specific heat of copper is cya, = 380 J/(kg- К). 

Find: the specific heat of copper ce, the absolute error Ас 
and the relative error A,/cta; of the measurement. 

Solution. As a result of heat exchange, the temperature of 
all the bodies in the calorimeter equalizes. The heated cyl- 
inder gives off heat Ох and is cooled from Г to Ө: 


Qety = сете (Т — 6). 
The calorimeter and water receive heat, and their tem- 
perature rises from 7, to Ө: 


Qrec = сата (Ө — 7) + суту (Ө — T), 
or 


Qrec = (Cama + сут у) (© — 2). 


Proceeding from the energy conservation law, we equate 
the heat given off by the copper cylinder and the heat ro- 
ceived by the calorimeter and water: 01у =Qrec. Conse- 
quently, com, (T — 0) = (сата сут) (© — Ty). We ob- 
tained the heat balance equation from which we deter- 
mine сс: 

= (сата + cy my) (9—71) 
$ me (T — Ө) 


Substituting the numerical values of the known quanti- 


ties, we calculate the specific heat for copper: 


с, = (880 3/)5я-К) x 0.0 4kg -+4187 J/ (kg-K) x 0.3 kg) > (299 К — 288K) 
0.5 kg (373 K — 299 K) 
œ 384 Л (kg- К). 
The absolute error is 
А 
^ 


iC > — PR. 
с = 384 J/(kg.K) — 380 (ка К) = 4 J/(kg-K). 
The relative error is 


M % —. 4 I/(kg-K 
ар Х 100% — RE X 100% a 1.1%, 
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Answer. The specific heat of copper is 384 J/(kg-K), the 
absolute error is approximately 4 J/(kg-K), and the relative 
error is about 1.196. 

Problem 21. 150g of water is contained in a brass calorim- 
eter of mass 0.2 kg at a temperature of 12°C. Find the 
final temperature in the calorimeter after an iron weight 
having a mass of 0.5 kg and heated to 100°С is immersed in 
water. Plot the temperature versus the amount of heat graph 
lor this heat transfer process. 

Given: my = 150 g = 0.15 kg is the mass of water in the 
calorimeter, mca; = 0.2 kg is the mass of the calorimeter, 
Tw = 285 К is the initial temperature of the water and 
calorimeter, m, — 0.5 kg is the mass of the weight, and 
T, = 373 К is the initial temperature of the weight. From 
tables, we take the specific heat of iron, c, = 460 J/(kg- К), 
the specific heat of water, 4187 J/(kg-K), and the specific 
heat of brass, cy = 380 J/(kg- K). 

Find: the final temperature O in the calorimeter. 

Solution. As a result of heat exchange in the calorimeter, 
the internal energy of the weight decreases, while the inter- 
nal energy of the calorimeter and water increases. The amount 
of heat is a measure of the change in the internal energy. 
The amount of heat О, = ст. (T; — Ө) liberated dur- 
ing the cooling of the weight is absorbed by heating the 
water (Ох = cyMy (Ө — Ту)) and the calorimeter (Ога = 
Cea icai (Ө — Т»)). 

The heat balance equation is 


сут (T, — Ө) = ст (Ө — Tw) + Ceaiteat (ө — Ty). 


We shall solve this equation for the unknown temperature 
© in the calorimeter at thermal equilibrium. For this pur- 
pose, we open the parentheses: 
ст, Г, — ст = cwm — сту Tes 

+ ссай са — Соат са 
All the terms containing Ө can be transferred to the right- 
hand side of the equation: 
cyl, + cymyTyy + солто = CwMwO + сит 
“> С.лИПсаЮ. 
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We can now write the expression for O in the general form: 


Ө = mi Tir (wma + Ccarmeal) Tw 
СІ? -~i Cw Mw Г Cealcal 


Substituting the numerical values, we obtain 
Ge 460 x 0.5 x 373+ (4190 x 0.15 4-380 x 0.2) 285 
M 4190 x 0.15-- 460 x 0.5 1- 380 x 0.2 
Qoo J-kg-!-K-1-kg-K 7K Ө лде 
MR IS am ae 307 К, O= 34°C: 
The graph of t = f (Q) is represented in Fig. 8. The 
straight line АВ shows the change in the temperature of the 
weight (the temperature decreases 


20 A from 100 to 34°C since the pro- 
i cess is accompanied by the liber- 
ation of heat). Straight line ВС 

shows the change in the temper- 

ature of the calorimeter and wa- 

р E ter (the temperature increases 

uF from 12 to 34°C, the process in- 

0 — Gy” wolves the absorption of heat). 


Straight lines СЁ and CD show 
the change in the temperature of 
the water and the calorimeter 
respectively. Even though the temperature difference is the 
same in both cases (22 K), the lines CD and CE have differ- 
ent slopes. This is because the water absorbs more heat 
than the calorimeter. 


Answer. The equilibrium temperature in the calorimeter 
is about 307 K. 

Problem 22. Determine the efficiency of a melting furnace 
in which 70 kg of A-1 grade coal was burnt to heat 0.5 t of 
aluminium from 282 K to the melting point. 

Given: та = 0.5 t = 500 kg is the mass of the alumini- 
um, 7, — 282 K is the initial temperature of the alumin- 
ium, одар = 70 kg is the mass of the coal. From tables, 
we obtain the melting point of aluminium Tm = 932 К, 
the specific heat of aluminium с, = 880 J/(kg- К), and the 
specific heat of combustion of coal 4 = 2.05 x 10° J/kg 

Find: the efficiency т of the furnace. 

Solution. The amount of heat Qus required to heat 
the aluminium from 7, to its melting point can be deter- 


Fig. 8 
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mined from the formula 
Qusetul = Сата (Tm — 73). 
The amount of heat Q,pent liberated as a result of the 
combustion of the coal is given by 
Qepent = ЧТсоа1- 


'The efficiency of the furnace is defined as the ratio of the 
amount of heat spent in heating the aluminium to the 
amount of heat obtained as a result of the fuel combustion: 


n C MAT 
y= Lese y. 100%, or q= 8a C — Ty) X 400%. 
Üspent qii coal 
Substituting the numerical values. we obtain 
880 J/(kg.K) x 500 kg x 650 К AAU 9007 
к azn ke O ER. 


Answer. The efficiency of the furnace is about 20%. 

Problem 23. The engine of a scooter develops a power of 
3.31 kW at a speed of 58 km/h. How far will the scooter go 
by consuming 3.2 | of petrol if the efficiency of the engine 
is 20%? 

Given: P = 3.31 kW = 3310 W is the power developed 
by the engine, v — 58 km/h — 16.1 m/s is the speed of the 
scooter, V = 3.2 1 = 3.2 x 10° m? is the volume of con- 
sumed petrol, and ņ = 20% is the efficiency of the engine. 
From tables, we obtain the specific heat of combustion of 
petrol, а = 4.6 x 10° J/kg, and the density of petrol, 
p = 700 kg/m’. 

Find: the distance s covered by the scooter. 

Solution. The energy Q — qm liberated by burning the 
petrol is spent on the work done to move the scooter and the 
driver. Only 20% of the energy received from the fuel will 
be spent in doing mechanical work. Using the law of energy 
conservation, we can write 10 = А, or ngm = Pt. We ex- 
press the time required for the motion in terms of the distance 
covered and the velocity: t = s/v. Then ат = Pslv, wheuce 


ngmv 
P 


In order to determine the mass of the petrol, we express 
it in terms of density and volume (m = pV) and substitute 
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it into the expression for the distance: 
agere 
= р. 
Substituting the numerical values, we obtain 
‚_ 9.2>.4.6 x107 Ike 700 kgiin? x 3.2 5. 10-3 m;: 46.1 m s 
à 3.31 x 109 W 


=10° m= 100 km. 


Answer. There is enough petrol to cover 100 km. 

Problem 24. A freely falling steel ball hits the ground with 
a velocity of 41 m/s. After the impact it bounces to a height 
of 1.6 m. Determine the change in the temperature of the 
ball during the impact, assuming that only the internal ener- 
gy of the ball changed as a result of the impact against the 
ground. 

Given: v = 41 m/s is the velocity of the ball when it hits 
the ground, and k = 1.6 m is the height to which the ball 
rises after the impact. From tables, we obtain the specific 
heat of steel, c = 460 J/(kg.N), and the free fall acceler- 
ation g = 9.8 m/s?, 

Find: the change in the ball’s temperature, AT, as a re- 
sult of impact. 

Solution. The kinetic energy acquired by the ball by the 
moment of impact is Ey = тё?/2. A fraction Q of this ener- 
gy is spent on increasing the internal energy of the ball, 
i.e. on heating it, while the remaining energy is spent on 
the ascent, i.e. converted into the potential energy of the 
ball Ep = mgh. According to tlie energy couservation law, 
we can write E, = Q -- Ер. 


Since Q — ст AT, we can write Z% 


= = em AT 4- тун, ог 
my? l " " ^i 
2 "g'-cm АТ. We eliminate m from both sides: 
P 


sa 8h-cAT, and solve this equation for АТ: 


AT = 2° —2gh 

: EE n 

AT = (41 1/3): —2 x 9.8 m/s? 41.6 m " 
i 2x 460 J/ (kg-K) 1€ 1.8 К, 


Answer. The temperature of the ball h 


about 1.8 K. às increased through 
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Problem 25. The volume of 80 g of oxygen at an initial 
temperature of 300 K increases by a factor of 1.5 as a result 
of isobaric expansion. Determine the amount of heat spent 
heating the oxygen, the work done during its expansion, 
and the change in its internal energy. 

Given: m — 80 g — 0.08 kg is the mass of the oxygen, 
T, = 300 К is its initial temperature, V, = 1.51’, is the 
final volume of the gas. From tables, we lind the molar 
mass of oxygen, М = 32 x 10-3 kg/mol, the molar gas con- 
stant R = 8.31 J/(mol-K), and the specific heat of oxy- 
gen at constant pressure ср = 0.92 x 10? J/(kg-K). 

Find: the amount of spent heat О, the work А done during 
the isobaric expansion, and the change in the internal ener- 
gy, AU, of the gas. 

Solution. The amount of heat required to heat the gas is 


О — cym AT, 


where AT = T, — Т). 

The temperature 7, can be found from Charles’ law, which 
governs the isobaric process: V/V, = T,/T,. Since Vs = 
1.57, by hypothesis, T, = 1.57, = 4.0 X900. В = 
450 К. . 

After substituting the numerical values, we obtain 

Q = 0.92 х 10° J/(kg-K) х 0.08 kg x 150 К 
= 11040 J = 11.04 kJ. 

In an isobaric process, A = p AV. Applying the equation 
of state, we can write 

2 m л 
A= pAl = 57 RAT, 
0.08 kg % 2 4 “Ky 34150 К 
A= 5107 kml x 8.31 J/ (mol- К) x 150 К 
= 3116 1—3.12 kJ. 

The first law of thermodynamics for isobaric processes 

has the form О = AU + A, and hence 
AU =Q — A, AU = 11.04 kJ — 3.12 kJ = 7.92 kJ. 
Answer. The amount of heat spent heating oxygen is 


11.04 kJ, 3.12 kJ is spent on the expansion work, and 
7.92 kJ on increasing the internal energy. 
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Questions and Problems 


4.1. How much energy is required to raise the tempera- 
ture of 1 kg of tin through 1 К? 

4.2. The temperature of a 1-kg copper weight has 
decreased from 293K to 19°С. What is the decrease in its 
internal energy due to cooling? 

4.3. Two metal bars, one aluminium and one nickel, 
with the same mass, have their temperatures lowered through 
1 K. Which bar liberated a larger amount of heat? 
What is the ratio of the amounts of liberated heat? 

4.4. 1 kg of water and 1 kg of steel are heated through 
1 K. What is the change in their internal energy? 

4.5. Three cylinders having the same volume are made of 
lead, copper, and aluminium. Which of them has the largest 
heat capacity? 

4.6. A copper weight and an iron weight of the same mass 
were dropped from the same height to the ground. Which of 
the weights had the higher lemperature after the impact? 
Doés the answer depend on the mass of the weights? 

4.7. Gases have larger specific heats at constant pressure 
than at constant volume. How can this be explained? 

4.8. How much energy will be liberated as a result of the 
complete combustion of 4 kg of Donetsk coal? 

4.9. How much fuel oil has to be burnt to obtain 4 x 
107 J of heat? 

4.10. How much heat will be liberated as a result of the 
complete combustion of 5 m? of natural gas? 

4.11. How much heat must be spent in heating a copper 
plate of mass 180 g through 15°C? 

4.12. 200 1 of water are drawn at 283 K for a bath. How 
much boiling water has to be added to elevate the water 
temperature to 37°C? 

4.13. To fill an aquarium, 20 1 of water at 15°С are 


mixed with 21 of water at 70°C. Determine the water 
temperature in the aquarium. 

4.14. What will be the change in the internal energy of 
1 lof mercury as a result of heating it from 283 K to 50°C? 
The change in the mercury's density with temperature 
Should be neglected, 

4.15. 81 of water at 20°C were poured into an aluminium 
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kettle whose mass is 1.5 kg. How much heat is required to 
bring the water to boil? 

4.16. 240 g of water at 288 K were poured into an alu- 
minium calorimeter of mass 40 g. After a lead bar having a 
mass of 100 g and heated to 100°С had been placed into the 
calorimeter with water, a temperature of 289 K was estab- 
lished. Write the heat balance equation and determine the 
specific heat of lead. 

4.17. In order to cool a copper component having a tem- 
perature of 373 K, it was placed into 420 g of water at a 
temperature of 15°С. Determine the mass of the componenj 
if the water gets heated to 18°С as a result of the heat trans- 
fer. 

4.18. Calculate the specific heat of brass if 334.4 J of 
heat are required to heat a brass weight having a mass of 
200 g from 285 К to 289.4 К. 

4.19. The amount of heat required to raise the tempera- 
ture of 200 g of mercury through 58.8°С is the same as that 
required to raise the temperature of 50 g of water through 
7°С. Using these data, determine the specific heat of mer- 
сигу. 

4.20. Determine the temperature of a furnace in which 
0.5 t of steel was hardened if 175 MJ of heat were spent to 
heat the steel from 20°С to the hardening temperature. 

4.21. A steel component having a mass of 0.3 kg was 
heated to a high temperature and then hardened in 3 kg 
of machine oil having a temperature of 283 K. Determine 
the initial temperature of the component if its final tem- 
perature at thermal equilibrium was 303 K. 

4.22. A metal cylinder having a mass of 146 g and heated 
to 100?C is immersed in a brass calorimeter having a mass of 
128 g and containing 240 g of water at 8.5°С. The tempera- 
ture established as a result of heat transfer was 283 K. De- 
termine the specific heat of the metal of which the cylinder 
is made and identify the metal. 

4.23. To heat З 1 of water from 20 to 100°C on a gas 
burner, 0.06 m? of natural gas was burnt. Determine the 
efficiency of the burner. i 

4.24. Determine the amount of coke required to heat 
1.5 t of scrap iron from 20°C to its melting point, if the 
efficiency of the cupola is 60%. 

4.25. A bullet having a mass of 9 g and shot from a gun 
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acquires a velocity of 800 m/s. Determine the mass of the 
powder charge if the efficiency of the shot is 2496. ў 

4.26. What is the change in the temperature of 2.0 m? of 
water in a boiler if 25 kg of Ekibastuz coal have been 
burnt in the furnace whose efficiency is 5096? 

4.27. A tumbler contains 250 g of water at 80°C. What 
will the decrease in the water temperature be if a silver 
spoon having a mass of 50 g and a temperature of 293 K 
is immersed in it? 

4.28. A blast furnace consumes 2200 m? of air per min- 
ute. The air is heated in Cowper stoves by burning the blast- 
furnace gas. Determine the volume of the gas burnt daily to 
heat air from 273 K to 1200°C if the energy losses amount 
to 30%. 

4.29. A train having a mass of 2 x 10° kg and moving at 
а velocity of 54 km/h comes to a halt. How much heat is 
liberated in the brakes? 


4.30. A lead bullet flies at a velocity of 300 m/s. What 
will the change in its temperature be when it is stopped ab- 
ruptly? Assume that 50% of its energy is spent heating the 
bullet. 

4.31. To what height should it be 
whose mass is 0.5 t if the entire en 
brass weight of 10 kg upon cooling b 
lifting? р 

4.32. What will be the change 
ter falling from 120 m if 60 
to heat it. 

4.33. Determi 
falling from 96 


possible to lift a load 
ergy given away by a 
y 100 K were spent for 


in the temperature of wa- 
% of its potential energy is spent 


ne the change in the temperature of water 
m onto the blades of the turbine in the Bratsk 
hydroelectric plant, assuming that 50% of the energy of the 
falling water is spent on increasing the water's internal 
energy, 

4.34. 


The striker of a hammer w 
falls fro 


ў hose mass is 10* kg freely 
m a height of 2.5 m onto 


a forged iron piece whose 


mass is 200 kg. How many blows does the hammer strike if 
vis forged piece is heated through 20 К? Assume that 30% 
о 


the energy of the hamn 
4.35. A wi 
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of the hammer is spent on heating the nail, determine the 
change in its temperature after 20 blows. 

4.36. Two identical copper balls have received the same 
amount of energy, as a result of which the first ball, remain- 
ing at rest, is heated through 40 K, and the second is set in 
motion without heating. Determine the velocity of the 
second ball. 

4.37. А lead bullet passes through a wooden wall so that 
its velocity is 400 m/s at the moment of impact against the 
wall and 100 m/s when it emerges from it. Determine the 
change in the temperature of the bullet assuming that 40% 
of the mechanical energy spent by the bullet piercing the 
wall is converted into heat. 

4.98. Determine the efficiency of a tractor engine which 
consumes 292 g of diesel fuel per kilowatt per hour. 

4.39. The engine of a crawler tractor develops a power of 
73.6 kW by consuming 285 в of diesel fuel per kilowatt per 
hour. Determine the efficiency of the engine. 

4.40. A locomotive driven by an internal combustion en- 
gine has an efficiency of 25% at a power of 3 MW. Deter- 
mine the consumption of the diesel fuel per hour during 
operation at maximum power. 

4.41. Modern cars consume on the average 330 g of petrol 
per hour per kilowatt of developed power. Determine the ef- 
ficiency of a car engine. 

4.42. Determine the power developed by the engine ofa 
“Zaporozhets” car if it consumes 74 g of petrol per kilometre 
at a velocity of 60 km/h. The efficiency of the engine is 30%. 

4.43. The capacity of the fuel tank of a car is 60 1. How 
far can the car go on the fuel contained in a full tank at a 
constant speed if the mass of the loaded car is 1800 kg and 
the efficiency of the engine is 20%? The drag coefficient is 
0.04. 
4.44. A volume of a gas has increased by 0.02 m? as a re- 
sult of heating, while its internal energy has increased by 
1980 J. How much heat was supplied to the gas if the process 
occurred at a constant pressure of 1.5 x 10? Pa? 

4.45. 3 m? of air is stored under a pressure of 2 X 10° Pa 
at 0°С. Determine the work done by the air during isobaric 


heating through 12 K. 
4.46. How much work is done to heat 160 g of oxygen 


through 20 K at constant pressure? 


4—0530 
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4.47. 580 g of air is heated isobarically through 10 К. 
How much heat is supplied to the air? What work is done in 
the process? $ Р 

4.48. 2 kg of air are contained in а cylinder with а piston 
at 289 K. What work will be done by it during isobaric 
heating to 373 K? 1 

4.49. 3.47 kg of a gas does 144 kJ of work when isobari- 
cally heated through 159 K. Determine the molar mass of 
the gas and identify it. i $ 

4.50. 22 g of carbon dioxide are contained in a cylinder 
under a heavy piston. What work is done by the gas as a 
result of heating it from 17 to 117°C? 

4.51. What work is done by an ideal gas filling a rubber 
balloon when heated from 10 to 70°С? The initial volume of 
the balloon is 5 l and the atmospheric pressure is 10% Ра. 
The elasticity of the balloon should be neglected. 

4.52. А gas occupying a volume of 30 1 at a pressure of 
1.2 x 10° Pa is isobarically heated from 300 to 450 К. De- 
termine the work done by the gas. 

4.53. What work is done by 1 mol of an ideal gas when 
heated isobarically through 1 K? Does this work depend on 
the pressure and initial temperature? 

4.94. Oxygen is contained in a cylinder under a piston. 
Determine the mass of the oxygen if the work done to heat it 
from 273 to 473 K is 16 kJ. Friction should be neglected. 

4.55. Can the temperature of a gas be changed without 
any heat exchange with the environment? 

4.56. The volume of a gas can be reduced either by isother- 
mal or by adiabatic compression. In which case will the 
change in pressure be higher? 
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Basie Concepts and Formulas 


The conversion of a li 
tion, and the reverse 
is formed as the resul 


quid to vapour is known as evapora- 
process is called condensation. Vapour 
ie I t of either the evaporation or boiling of 
Я iquid. During evaporation, vapour is only formed at the 
ree surface of the liquid, which is possible at any temper- 
ature. During boiling, vapour is formed in the bulk of the 
liquid (vaporization), 
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Every liquid boils at a certain temperature known as its 
boiling point. Evaporation is always accompanied by an 
absorption of energy. Vaporization during boiling is accom- 
panied by absorption of energy from outside. Evaporation 
occurs due to a decrease in the internal energy of the evapo- 
rating liquid (which is cooled thereby). 

The specific latent heat of vaporization r is the amount of 
heat required for the vaporization of 1 kg of a liquid at a 
constant temperature (boiling point): 


Q = rm, г = От. 


The specific latent heat of vaporization is measured in 
joules per kilogram (J/kg). 

The specific latent heat of vaporization depends on the 

pressure and temperature. It decreases with increasing pres- 
sure. 
The problems on vaporization are solved by using the heat 
balance equation. Since vaporization during boiling occurs 
at a certain temperature, while writing the heat balance 
equation one should take into account not only Q — rm, 
but also Q, = cm (Ty — Tı), where Ty is the boiling point 
of a liquid. | 

One should distinguish between the processes of evapora- 
tion and condensation: heat is absorbed in the former case 
and liberated in the latter case. А 

Special attention should be paid to the physical meaning 
of the specific heat of vaporization. For example, the specific 
latent heat of vaporization of ammonia is 1.37 X 10° J/kg. 
This means that the conversion of 1 kg of ammonia into va- 
pour at the boiling point (—33.4°C) requires 1.37 x 10° J 
of energy (the same amount of energy is liberated during con- 


densation). If the temperature of ammonia is below the boil- 
ing point, an additional amount of heat is required to heat 
the ammonia to this temperature. 

Vapour is called saturated if its pressure and density are 
the maximum possible at a given temperature. Unsaturated 
vapours have properties close to those of gases and hence 
obey all the laws for ideal gases. Ң 

An unsaturated vapour сап be converted into a saturated 
vapour either by reducing its volume or by decreasing the 


temperature. 


4* 


or 
Ке 
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The humidity of air is characterized by the presence of 
vapour in the atmosphere. The absolute humidity p, is a 
quantity equal to the density of the water vapour in air, or 
to its pressure ра. The absolute humidity is measured in 
kilograms per cubic metre (kg/m?). 

The relative humidity В is equal to the ratio of the abso- 
lute humidity pa (or the pressure Ра of the water vapour in 
air) to the density p, (or pressure p,) of the saturated vapour 
at a given temperature: 


B= 100%, or B = Ра 100%. 
Ps Ps 


The values of density p, or pressure p, of saturated vapours 
are given in Table 6. 

When the temperature of air drops to the dew point, the 
relative humidity becomes 100%. 


Worked Problems 


Problem 26. How much heat is required to raise the tem- 
perature of 200 в of water from 10°C to the boiling point and 
to vaporize 1096 of it? Assume that there are no energy los- 
ses. 

Given: my — 0.2 k 


ae А ut g is the mass of the cold water, t = 
ne Tt == 


; is the temperature of the cold water, 
Msteam = 0.1 ту is the mass of steam. From tables, we 
find the specific heat of water, cy = 4187 J/(kg-K) e 
4190 J/(kg-K), the boiling point of water, tj = 100*C, or 
Ty — 378 K, and the specific latent heat of vaporization of 
water, г = 2.26 x 108 J/kg. 

Find: the amount of heat Q (spent energy). 

Solution. Since the water temperature is below the boiling 
point, it must be heated from 7 to Ty, for which the amount 
О, = Суту (Ty — T) of heat is required. The amount of 


heat required to vaporize the water is Q, = mgeam™, or 
2 = 0.1 myr. 


The process is known to 
Consequently, the total amoun 


Q= о, + Qs, 
Qı = 4190 J/(kg.K 
= 75.42 kJ, 


occur without energy losses. 
t of heat that must be spent is 


) X 0.2 kg x 90 K — 75420 J 
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Q, = 0.1 x 0.2 kg x 2.26 x 10° J/kg = 4.52 x 10! J 
= 45.2 kJ, 
О = 75.42 kJ + 45.2 КТ = 120.62 kJ. 


This process can be represented graphically (Fig. 9). We 
shall plot the amount of spent heat along the abscissa axis. 
For the sake of simplicity, we 
round off the values of Q, and 
Q, to integers: 75 and 45 kJ. The 
temperature in degrees Celsius 
(this is more convenient for cho- 
osing a scale) is plotted along the 
ordinate axis. When analyzing 
the graph, we pay attention to 
the fact that vaporization occurs 
at aconstant temperature (in this 
case, at 100°C). Consequently, the 
water must be heated to this tem- 
perature, The intercepts OA and 
AB on the abscissa correspond to the values О; and Qo. 

Answer. About 121 kJ of energy is required to heat the 
water and vaporize part of it. 

Problem 27. How much charcoal must be burnt in order to 
heat 6 t of water taken at 283 K to boiling and vaporize 1 t 
of it? The efficiency of the boiler is 70%. 

Given: my = 6 x 10? kg is the mass of water in the boiler, 
T — 983 K is the initial temperature of the water, Ty — 
373 К is the boiling point of water, Msteam = 103 kg is 
the mass of the steam, and y = 70% = 0.7 is the efficiency 


A 
of the boiler. From tables, we take the specific heat of wa- 
ter, с = 4187 J/(kg- К) = 4190 J/( 


kg. К), the specific latent 
heat of vaporization of water, r — 2.26 x 109 J/kg, and 
Specific heat of combustion of charcoal, q — 3.1 x 107 J/kg. 

Find: the mass m, of charcoal. 

Solution. The energy Q = qme liberated during the com- 
bustion of the charcoal is spent on heating the water to boil- 
ing point, Q, = сту (T» — T), and on vaporizing 1 t of 
the water, О, = "теат: 

From the energy conservation law and given that only 
7096 of energy liberated by burning the charcoal is spent on 
heating and vaporizing the water, we write the heat balance 
equation 10 = Qı + Qs OF те = Mw (Ty — T) -+ 


Fig. 9 
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сту (Ty — T) J- rmsteam 
ng 2 
Substituting the numerical values, we obtain 
_ 4190 J/ (ка: К) x 6 x 103 kg x 90 К -- 2.26 x 109 J/kg x 103 kg - 
i om 01x 3A X 107 J/kg 
= 208. 


Answer. About 208 kg of charcoal are spent. 

Problem 28. 200 kg of steam at a temperature of 373 K are 
passed through 4 t of water at a temperature of 293 K. To 
what temperature will the water be heated? Energy losses 
should be neglected. Graph the function t = f (Q). 

Given: my = 4 X 10? kg is the mass of the water, Ty = 
293 К is the temperature of the water, Meam = 200 kg is 
the mass of the steam, T'steam = 373 К is the temperature of 
the steam. From tables, we take the specific heat of water, 
Cy = 4187 J/(kg-K) œ 4190 J/(kg-K), and the specific la- 
tent heat of vaporization of water, r — 2.26 x 409 J/kg. 

Find: the temperature O at the end of the process. 

Solution. We have here a heat exchange: steam at its boil- 
ing point (which equals its condensation temperature) gives 
to water the amount of heat Q, = TMsteam and is converted 
into water at the same temperature (during condensation, as 
in boiling, the temperature remains constant). The water 
obtained from the steam is cooled from Ty to Ө, liberating 
the amount of heat Q, = CwMsteam (T steam — Ө). Since the 
final temperature O is the same for all components, the in- 
es energy of the cold water increases by О = сити X 

w). 

According to the energy conservation law, we can write 

Q +0, = 0, or TMsteam + CwMsteam (Tsteam — Ө) 


= суту (Ө — Ty). 
We transform the heat balance equation removing the pa- 


rentheses and gathering the terms containing the unknown 
lemperature on the right-hand side: 


TMsteam, Whence m, == 


TMsteam + CwMsteam! steam + суту Туу = CymyO 


whence + CwMsteam® = (суть + Cwsteam) Ө, 


Ө = "steam T ew (таль Гасан ть) 
Cw (ту теат) £ 
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Substituting the numerical values, we determine ©: 


4190 J/(kg-K) (4 x 10? kg 4-200 kg) 


4190 J/(kg-K) (200 kg x 373 K 4-4 x 10? kg x 293 К) 
cir 4190 J/(kg-K) (4 x 107 kg 4 200 kg) = 322 К 


ог Ө = 49°С. 
Figure 10 shows the temperature versus the amount of 

heat, t = f (0). The temperature remains unchanged over 

segment АВ (the evolution of heat during condensation 

occurs due to a decrease in the poten- „ 

tial energy of interaction between Ut 

the molecules). The temperature of A 8 

condensate falls from Tsteam to Ө 700 

over segment BC (cooling the con- 

densate liberates heat). The temper- до 

ature of the cold water increases Ў h 

from T to © over segment CD (the 2|5 

process involves the absorption 0 — 

of heat). 

, Answer. The final temperature Ө 

is approximately 49°С. 
Problem 29. 1.5 1 of water at 2 

minium pot whose mass is 600g 

plate whose efficiency is 75%. In 

2096 of it is converted into steam. 


hot plate? 
Given: та = 0.6 kg is the mass of the aluminium pot, 
3 is the volume of the water, 


У = 1,5 1 = 1.5 x 10? m 
ty = 20°C is the initial temperature of the water and the 
pot, q = 75% = 0.75 is the efficiency of the hot plate, 


t =35 x 60s is the duration of the process, and Msteam = 
0.2m, is the mass of the steam formed. From tables, we 
take the boiling point of water, tp = 100°C, the specific 
heat of aluminium, c4 = 880 J/(kg- К), the density of water, 
p = 103 kg/m?, the specific heat of water, су œ 4190 
I/(kg-K), and the specific latent heat of vaporization for 
water, г = 2.26 x 10° J/kg. 

Find: the power P of the hot plate. 

Solution. The amount of heat required to heat the water in 
the pot and to convert part of it into steam (which will be 


ө= 


Fig. 10 


0°C are poured into an alu- 
and put on an electric hot 
35 min the water boils and 
What is the power of the 
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regarded as the useful heat Qusetui) is 

Qusetul = сата (tb — to) + Сту (ty — to) + Msieam- 
The amount of heat liberated by the hot plate will be re- 
garded as the spent heat Qspent- K 

Proceeding from the energy conservation law and taking 
into account the efficiency of the hot plate, we can write 
NQspent = Ош. Hence Qspent = Quserui/n. E 

The required power of the hot plate can be determined by 
dividing the Spent energy by the time: 


р (сата - суту) (—%)+ 0.2myr 
nt i 
The unknown mass of the water can be determined from 
the formula for density: р = ту/ У: 
Mw = pV = 10? kg/m? x 4.5 x 10-3 m3 = 1.5 kg. 
Substituting the numerical values, we obtain 
P = 1880 I/(kg-K) x 0.6 kg +4190 J/kg-K) x 1.5 kg] x 80K 
0.75 x 35x 60 s 


L.0.2x4.5 kg x2.20x 405 Jkg — 
] 0.75 X35 60 s = 780 W. 


Answer. The power of the hot plate is a roximatel 
780 W. Š M à 


humidity of air ina 5 x 4x 
П Determine the dew point. How 
much moisture will be liberated from the air in the form of 


dew if-its temperature is reduced to 11?C? What will be the 
relative humidity of the air? 


e volume of the air in the room, 
B temperature of the air, B, = 70% = 
0.7 is the relative humidity of the air, and t, = 11°С is the 

ature of the air, From tables, we take the satu- 
т density pa = 17.3 х 40-3 kg/m? for t,, and 
the saturated vapour density Ps2 = 10 x 10-? kg/m? for ts. 


Find: the dew point ta, the mass Am of vapour that has 
condensed, and the relativ. 


€ humidity of the air, By, after 
the dew has precipitated. x : 


Solution, The temperature at м 
the air becomes Saturated is know 


hich the water vapour in 
der *o determine this temperature 


n as the dew point. In or- 
› We must know the abso- 
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lute humidity of the air, ра. Using the formula B, = pa/psi 
for relative humidity, we obtain 
ра = Віры = 0.7 х 17.3 x 10-3 kg/m? = 12.1 x 10-3 kg/m. 

Using Table 6, we find that a vapour having a density of 
12.1 x 10-3 kg/m? is saturated at 14°C. Consequently, the 
dew point is 14°С. 

In order to answer the second question, we must use the 
same table. The saturated vapour density at 11°C, i.e. the 
maximum density, is ps; = 10 х 10-3 kg/m?. Before the 
dew precipitates, the mass of the air in the room is m, — 
pa V, and after that, ma = рззЙ. Consequently, the mass of 
the vapour precipitated in the form of dew is 

Am = m, — ть, Ат = paV — ps = V (pa — Ps2) 

Am = 60 m? (12.1 х 107? kg/m? — 10 x 10-? kg/m?) 


= 126 x 10-3 kg. 

Since the absolute humidity at 11°C is the maximum ad- 
missible density at this temperature, the relative humidity 
is В, = 100%. 

Answer. The dew point is 14°С, the mass of the condensed 
vapour is 126 g, and the relative humidity is 100%. 

Problem 31. The relative humidity of air at a temperature 
of 16°C is 54%. What is the reading of the wet-bulb thermo- 
meter of a psychrometer? What is the absolute humidity of 
the air? 

Given: B — 54% = 0.54 is the relative humidity of the 
air and t = 16°C is the air temperature. From tables, we 
take р, = 13.6 x 107? kg/m’. 

Find: the reading ty of the wet- 


absolute humidity of the air, pa. . 

Solution. We shall use Table 20. In the first column, we 
find 16?C (the reading of the dry-bulb thermometer). From 
the same row, we take a relative humidity of 5496. It lies 
in the column for which the temperature difference between 
the readings of the dry-bulb and the wet-bulb thermometers 
is 5°C. Consequently, £ — ty = 5°С, whence 

ty = t—5C, tw = 166 = 5°O —116. 

In order to find the absolute humidity, we write В = 

Pa/Psig from which 


ра = Воз, 
^w = 0.54 x 13.6 x 10? kg/m? — 7.3 X 10-3 kg/m?. 


bulb thermometer and the 
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Answer. The reading of the wet-bulb thermometer is 11? 
and the absolute humidity is approximately 7.3 x 10-3 kg/m’. 

Problem 32. At a temperature of 30°C, the partial pressure 
of water vapour in air is 4.1 kPa. Determine the absolute 
humidity of the air. 

Given: T — 303 K is the air temperature and р= 4.1 
kPa = 4.1 x 10? Pa is the partial pressure of the water va- 
pour. From tables, we take the molar mass of water vapour, 
M = 48 x 10-3 kg/mol, and the molar gas constant А = 
8.31 J/(mol-K). 

Find: the absolute humidity of the air, ра. 

Solution. Since unsaturated vapours obey the gas laws, 


We can use the equation of state pV = 5 RT to determine 


the density of the water vapour in air. From this equation, 
we express the ratio of the vapour mass to its volume, i.e, 
the absolute humidity of the air: 


m M 
Poon р. 
Substituting the numerical values, we obtain 


- 4.1 X 103 Pa x18 x 10-2 kg/mol 3 
Ра = 8.31 J/(mol-K) 303 K = 0.029 kg/m3. 


o 


Answer. 1 m? of air contains about 29 8 of water vapour. 


Questions and Problems 


5.1. Can water be made boil without heating it? 


5.2. Equal masses of water and steam are at 100°С. Are 
their internal energies equal? 


3. In the South, drinking water 
vessels made of porous clay. Why? 
_ 9-4. At a pressure below 0.1 MPa (lower than atmospher- 
10 pressure), water boils at a temperature lower than 100°С. 
Dieu qui M a m temperature in a boiler, where a 
than doit g icates a pressure of 0.07 MPa, is higher 


in summer is stored in 


etically sealed vessel contains water and wa- 


w will the number density of the water vapour 
nge as a result of heating? 


9.5. A herm 
ter vapour, Ho 
molecules cha 
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5.6. Why does a mist appear in lowlands after a hot sum- 
mer day? 

5.7. When petroleum is distilled, first petrol is liberated, 
followed by naphtha, kerosene, and other components. How 
can this be explained? 

5.8. Which puts out a fire more quickly, boiling or cold 
water? 

5.9. Is the temperature of the boiling water in a deep ves- 
sel the same at the surface and at the bottom? 

5.10. When a gas is released from a cylinder, dew or even 
frost is formed at the valve. What is the reason behind this 
phenomenon? 

5.11. It is easier to tolerate hot weather in Central Asia 
um at medium latitudes (at the same air temperature). 

hy? 

5.12. Water and ether have different specific latent heats 
of vaporization. Is this always true? 

5.13. How much heat is liberated during the condensation 
of 1 g of petrol vapour having a temperature of 150°С? 

5.14. In which case is more energy liberated: during the 
condensation of 1 kg of water vapour or 1 kg of mercury 
vapour? What is the ratio of the amounts of heat? The va- 
Pours are both at their boiling points. Я 

5.15. How much heat is required to vaporize 5 kg of wa- 
ter at 373 К? How much extra heat is needed if the tem- 
Perature of the water is 0°C? 

d to vaporize 10 g of 


5.16. How much heat is require 
perature of 100 C? 


100°С condense int 
ss? 


o water at 20°С. 


e 9.9 x 10° J of heat are spo 

r taken °C. The water is heate 

it is аа Determine the mass of the steam. 
5.19. What temperature becomes 

Containing 80 1 of water at 20°C after 

373 K is added? The energy taken to 

Should be neglected. TENE : 
5.20. Stripped steam at 400°C is mixed wit 

Whose temperature is 293 К. How much stea ? 

? raise the temperature of the water to 309 K h 6 kg of 
5.21. 0.3 kg of steam at 100°C are mixed with s 

Water. After the steam condenses, the temperature 0 


h 2 t of water 
m is required 
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NE Uf 
water rises to 40°C. Determine the initial temperature o 
о of steam at 373 К are mixed with reed oe 
water whose temperature is 20°C. Assuming that heat e» 


аі р a 
change occurs without energy dissipation, determine th 
final temperature. 

5 


: What will be the change 


5.25. 21 g of dry water vapour at 100°C is let into а сор- 
рег calorimeter hayi 


compare the result 
with the tabulated alue, Calculate the absolute and rela- 
tive errors of measurement. 


:40. A 5-kg iron weight at 500°C is 
Containing 10] 


On he water is vapor- 
fina temperature in the boiler is 25°C. The 
eat spent during the eat exchange to heat the boiler is 
21.85 etermine the mass of the steam formed 
5.2 -kg steel bar 


containing 3l 
are vaporized 
50°C. D 


are heated from 283 to 373 K on an 

у x t i Water is converted into steam. 

I k eating last if the lat 

is 800 W а d ciency is 65%? ОИЕ VK 
. 0! t 

fidus Water at 277 


isti] aunt of wood burnt (1€ Poured in a still. Deter- 
of distilleq Water 


or 11 the furnace to obtain 20 1 
Clency of the Still is 15%. 


urn 
* The eff, 
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5.31. Water boils at 470.4 К under а pressure of 1.47 MPa 
(see Table 8). How much Donetsk coal must be burnt in the 
furnace of a boiler to obtain 50 kg of steam under these 
conditions? The initial temperature of the water is 10°С, 
and the efficiency of the boiler is 80%. 

5.32. A 1.2-kg aluminium pot containing 2 1 of water at 
15°С is heated on a gas burner. The water in the pot is 
heated to 373 К, and 200 g of it are vaporized. What is the 
efficiency of the burner if 0.1 m? of natural gas was burnt? 

5.33. 1 m? of air at 15°С contains 10 g of water vapour. 
Determine the absolute and relative humidities of the air. 

5.34. The temperature of air is 30°С, the relative humid- 
ity is 6496. Determine the absolute humidity and the dew 
point. 

5.35. The relative humidity of air at 25°С is 75%. How 
much water vapour is contained in a cubic metre of the air? 

5.36. The absolute humidity of air at 5°C is 5.2 X 
10-3 kg/m?. To what temperature should this air be cooled 
for dew to start to precipitate? 

5.37. The relative humidity of air at 18°С is 50%. At what 
temperature will dew precipitate? 

5.38. How much water vapour is contained in 1 lof air 
at 17°C if the dew point is 10°C? Determine the relative 


humidity of the air. 

5.39. The relative humidity of air in 
70%. To what temperature has the window 
cooled if it is covered with moisture? © ve 

5.40. The temperature of air is 22°С and its dew point is 
10°С. Determine the absolute and relative humidities of 


the air. 
5.41. In which case will moi > 
of air contains 10 g of water vapour at 25°C or 3.8 g at 4°С? 
5.42. Fog was observed in the morning, when the air 
temperature was 12°C. What was the temperature during 
the night if the relative humidity of air did not change and 


was 70%? 

5.43. The dry-bulb thermometer of a psychrometer 
shows 21°C, while the reading of the wet-bulb thermometer 
is 16°C. What is the relative humidity of air and how much 


water vapour is contained in 1 m? of the air? | 
T is 23°C and its rela- 


5.44. The air temperature in a room 1* 
tive humidity is 5596. What is the reading of the wet-bulb 


a room at 17°C is 
glass been 


sture be felt more: if 4 m? 
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thermometer of a psychrometer? What is the 


dew 
point? 


The relative hu- 

After the air was dried by calci- 

um chloride, the mass of the cylinder decreased by 3.243 g. 
ermine the volume of 

Ex The relative humidity of air at 12°C is 78%. What 

will the change in the relative humidity be if the tempera- 

ture increases to 18°C? 

5.48. The temperature in a room of size 8 x 5 X 2.5 m? 
is 20°С and the relative humidity is 7096. How much water 
Vapour is contained in the room? How much vapour is con- 
densed as а result of a lemperature drop to 10°C? 

5.49. The relative humidity of air in a Toom of volume 
30 m? is 60% at 20°С. Determine the saturated vapour pres- 


ater evaporated 
- The temperature 
Partial pressure of water y 


of air in a room is 27°C 
the absolute and relatiy 


apour in it is 1.7 kPa. 
e humidities of the air, 


and the 
Determine 
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Basic Concepts and Formulas 


е liquid State 

fluid, and hence acquire the s} 
ae аге contained. 

ince the Molecules of a liqui 
quid are acked 
а a Molecules, the ішегтојесц 28 inte 
i 
P P icant. The Tange of these forces do 


have constant volumes, are 
паре of the Vessel in which 


more densely 
Taction forces 
€s not exceed 


urface layer of а liquid experi 
E ‘quid experience 
: Е. of forces Whose resultant is irected imide the 
q n order to þri Molecule fr 
surface u do 


sork must m the bulk to the 
f the surface liven в done, herefore, the 


e excess Potentia] energy, 
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which is responsible for the stretched state of the sur- 
face layer. 

Surface tension с is a quantity defined as the ratio of the 
work required for increasing the surface area to the incre- 
ment of this area: 

_ 4 
o= А5 · 


The unit of surface tension is the јоше per metre squared 
(J/m?). Surface tension can also be defined as the ratio of 
the force F acting in the surface (force of surface tension) to 
the length Z of the boundary of the liquid surface: 


с = Fil. 


In this case, д is expressed in newtons per metre (N/m). 

A liquid is termed wetting if the forces of intermolecular 
interaction between a solid and the liquid are stronger than 
the forces acting between the liquid molecules. The meniscus 
(curved surface of the liquid) is concave for wetting liquids, 
and the wetting angle 0 (i.e. the angle between the meniscus 
and the surface of the solid) is acute. For nonwetting liquids, 
the meniscus is convex, and the wetting angle 0 is obtuse. 

The curved surface of a liquid produces an additional 
pressure (called Laplacian pressure) 


20 
Раа = = 87 


where R is the radius of the spherical surface. The additional 
pressure in capillaries causes wetting liquids to rise and 
nonwetting liquids to fall by height 

20 


cos 0. 
pgR 


h= 


For complete wetting, we have 0 = 0, cos 0 = 1, and 
20 
h= 2 
= pef 


Worked Problems 


Problem 33. A frame in the form of equilateral triangle 
with sides 4 ст long is carefully placed on the surface of 
water. What force keeps the frame on the surface? What 


64 Ch. I. Fundamentals of Molecular Physics 


force must be applied to separate the frame from the water 
surface? The mass of the frame is 2 g. 

Given: т = А x 107? mis the length of a side of the frame. 
and m = 2 x 10^? kg is the mass of the frame. From tables, 
we take the surface tension of water, с = 0.072 N/m, and 
the free fal acceleration g == 9.81 m/s. 

Find: the force F, keeping the frame on the surface and 
the force F, required to separate the frame from the water 
surface. 

Solution: The frame is kept on the water surface by the 
force of surface tension, Ру, which can be determined from 
the formula 6 = F,/I: 


F, = 01, 


where / is the length of the inner and outer boundaries of 
the liquid surface, the length being equal to twice the per- 
imeter of the triangle: | = 2 x 3r. This gives 


Е; = бог, Fy = 6 х 0.072 N/m X 4 x 107? m 
= 1.78 x 10-2 N. 


In order to Separate the frame from the water surface, we 
must overcome the force of gravity acting on the frame in 
addition to the force of surface tension, i.e. 


F, = Fi + mg, 
Fy = 1.73 х 10-2 N + 2.10-3 kg x 9.81 m/s? 
= 3.7 x 107? М. 


Answer. The force keeping the frame on the surface of wa- 

ter is 1.73 x 10-? N. The force required to separate the 
frame from the surface is 3.7 x 10-? М. 
Г Problem 34. The surface tension of water was determined 
in a laboratory by using the drop weight method. 100 drops 
were released from a burette the inner diameter of whose 
opening is 1.8 mm. The mass of the droplets was 3.78 g. 
Using these results, determine the surface tension of the 
water and, comparing it with the tabulated value, calculate 
the relative error of the measurements, 

Given: dy = 1.8 х 10-3 m is the inner diameter of the 
burette opening, n — 100 is the number of drops, and 
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т = 3.18 x 10-3 kg is the mass of 100 drops. From tables, 
we take the free fall acceleration g = 9.81 m/s? and the 
tabulated value of the surface tension for 
water, o, = 0.072 N/m. 

Find: the surface tension c of water and 
the relative error §, of measurement. 

Solution. Water drips from a burette when 
its valve is not open completely. The dia- 
meter d, of the neck of a drop immediately 
before separation is smaller than the diam- 
eter dy of the burette opening (Fig. 11). 
This ratio is usually dj/d, = 0.9. The drop 
separates only when the force of gravity 
becomes equal to or slightly larger than 
the force of surface tension: m4g — ol, 
where m, = т/п and l = ndn = 0.9zd,. 


Consequently, 
mg 
9 — 5. длат ' 


3.78 x 1073 kg X 9.8 m/s? 
0.9 x 3.14 x 1.8 X 1079 m x 100 


= 0.0728 N/m = 72.8 х 10-3 N/m. 
The absolute error A, is equal to the difference o — 04: 
A, = 72.8 x 10-3 N/m — 72.0 x 10-3 N/m 

= 0.8 x10? N/m. 


The relative error is equal to the ratio of the absolute error 
to the tabulated value of the surface tension: 


р 0.8 х 1073 N, 
б, = 28. 100%, 8, = m 100% ~ 1.196. 


Answer. The surface tension of water is 72.8 x 107? N/m, 
and the relative error of measurement is about 1.196. 

Problem 35. To what height will water rise in а 
capillary whose inner diameter is 3.0 mm? What will 
be ihe height of mercury column in the same capillary? 
The capillaries are made of glass. 3 

Given: d = 3.0 x 10- m is the inner diameter of the capil- 
lary. From tables, we take the surface tension of water, 
o, = 0.072 N/m, the surface tension of mercury, ©, = 
0.47 N/m, the density of water, p, = 10? kg/m, the density 


$—0530 
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of mercury, p; = 1.36 х 10* kg/m?, and the free fall ac- 
celeration g — 9.81 m/s?. 

Find: the heights k, and h, of the water and mercury col- 
umns in the capillaries. 

Solution. Water is a liquid that wets glass, and hence it 
has a concave meniscus. For wetting liquids, the Laplacian 
pressure is directed upwards, and equals py = 20/7 for 
complete wetting. The Laplacian pressure causes water to 
rise in the capillary until the hydrostatic and Laplacian 
pressures equalize: pr, = Ph, py = pgh, 201/г = p,gh,, where 
r — d/2. This gives 

201 
ow pagr ^ 
2х 0.072 N/m - 
№ = Ayr giai x 9.81 m/sx1.8xi07m 9:8 X 107 m. 

Mercury is a liquid which does not wet glass. Therefore, 
the Laplacian pressure is directed downwards, into the bulk 
of the liquid. Hence the mercury is forced down the capil- 
lary. 

The height to which a nonwetting liquid is forced down is 
determined by using the same formula 
285 


M 23 0.47 Nim Seded 
2 = 17387107 kg/m x 9.8 m/s? x1.5x109m ~ 4:7 X za 


Answer. The water rises in the capillary by about 9.8 mm, 
while the mercury is lowered by 4.7 mm. 


Questions and Problems 


6.1. Touch the surface of water between two floating 
matches with a piece of soap. Repeat the experiment with a 
piece of sugar. Why do the matches move apart in the first 
case and approach each other in the second case? How do 
sugar and soap affect the surface tension of water? 

6.2. Small pellets are made by pouring molten lead into 
à vessel containing water. Why do the pellets become 
spherical? 

6.3. A capillary tube is immersed in a vessel of hot water. 
Will the level of the water in the capillary be affected by 
а fall in the temperature of the water? 
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6.4. Why can oily spots not be washed away by water? 

6.5. Why can tin solder copper and not aluminium? 

6.6. Why is an area to be soldered thoroughly cleaned 
Írom grease, dirt, and oxides? 

6.7. What liquid can be poured into a tumbler to above 
the brim? 

6.8. Why are the foundations of buildings covered with 
tar paper? 

6.9. Why does caked soil during a drought dry more than 
plowed soil? 

6.10. It is expedient to break up the soil between rows of 
crops regularly. Why is this type of cultivation sometimes 
called "dry irrigation"? EX, 

6.11. A hollow metal cube with a capacity of 1 dm? is 
fiülled with kerosene. Determine the force of the surface 


tension. р | | T 
6.12. A cylindrical tumbler 9 cm in height contains 


2 m? i j is the force of surface tension? | 
ut ее аге poured into a bas и 
a diameter of 1.5 cm so that the height of the petrol column 
is 10 cm. Determine the force of surface 
tension and the force of the pressure 
exerted by the petrol on the water. The 
curvature of the surface of the petrol 
should be neglected. 

6.14. A match 4 cm long floats on 
the surface of water whose temperature 
is 20°C. If castor oil is poured to 


one side of the match, it starts mov- an 
ing. Determine the force acting on — 

the match and the direction of its mo- 

us cm is brought in 


ire ring having a radius of 6.0 
shine ae pup of blue vitriol. The mass of 
ring is 5 g. What force should be applied to separate the 


ion? 
i urface of the solution? 
ша the potential energy of the surface layer 


2 
of water having an area of 20 cm". ; Е 
6.17. А soap film is formed on a wire frame 


i vork must be done to 
leside АВ = 10 cm (Fig. 12). What wor e d 
тт film by moving AB by 5 cm? The friction be- 
tween AB and the frame should be neglected. 


бж 
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6.18. 532 drops of castor oil were dripped from a pipette 
with a tip diameter of 1.2 mm into a measuring glass. The 
volume of castor oil was found to be 7 cm?. Determine the 
surface tension of castor oil. 

6.19. Calculate the surface tension of a liquid and identi- 
fy it if a force of 0.035 N is required to separate a square 
frame with a side of 8.75 cm from the liquid surface. The 
mass of the frame is 2 g. 

6.20. How high can water rise in a capillary tube with 
an inner diameter of 10-3 m? 

6.21. Determine the mass of alcohol rising in a capillary 
tube immersed in a vessel containing alcohol. The inner di- 
ameter of the capillary is 0.4 mm. The surface tension of 
ethyl alcohol should be taken to be 0.02 N/m. 

6.22. Determine the mass of mercury forced down a capil- 
lary having an inner diameter of 0.1 mm and immersed in 
mercury. 

6.23. 100 drops of pure water and the same number of 
drops of water mixed with ether are poured into two test 
tubes. In which test tube will the liquid level be higher? 

6.24. A liquid rises 4.25 cm up a capillary with an inner 
diameter of 0.6 mm. Determine the density of the liquid 
if its surface tension is 0.071 N/m. 

6.25. Determine the difference between the levels of 
mercury in two communicating capillaries having inner di- 
ameters of 1 and 2 mm 


$ 7. PROPERTIES OF SOLIDS, DEFORMATIONS 


Basic Concepts and Formulas 


All solids are elastic? 
Solids are characteri 


; molecules, or ions. 

cture of a solid is a result of the or- 
its particles. The physical properties 
of a crystal depend on the orientation of the symmetry axis 
in the crystal (anisotropy) у 


$ Under the action of external forces, solids are deformed. 
he deformations disappearing after the forces stop acting on 


n " 
Amorphous bodies are treated as supercooled liquids. 
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a body are known as elastic. There are a large number of 
different deformations, but extension (compression) and 
shear are important. 

Extension is characterized by an absolute deformation Al: 


Ab-i—lh 

and a relative deformation (strain) 
m 
- 


Mechanical stress с is defined as the ratio of the internal 
force emerging in а body as a result of deformation to the 
cross-sectional area of the body: о = 2/5. The unit of 
mechanical stress is the pascal (Pa). 

Hooke's law establishes a relation between elastic deforma- 
tions and the internal forces. The mechanical stress o is 
directly proportional to the strain в: 


g—ke, or g—E-——, 


where Æ is Young's modulus. Young's modulus is measured 
in the same units as stress, viz. in pascals. 

The elastic limit is the maximum stress emerging in 
a material for which Hooke's law remains in force. 

The safety factor is defined as the ratio of the maximum 
(ultimate) stress c, of a construction to the admissible 
stress Саа: 

Ou 
— Cad ^ 

For an elastic deformation, the potential energy Вр of 
a body is equal to the work done during the deformation 
(extension or compression) of а body: 

РМ _ ES А 
Ер E = cru (Al)?. 


When a solid changes its state of aggregation (when it 
melts), the separation between the particles in the crystal 
lattice increases, and the lattice is destroyed. The potential 
energy of the interaction between molecules (particles) 
increases. 

To melt 1 kg of a solid at its melting point, a certain 
amount of heat À is required, which is known as the specific 
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latent heat of fusion: 

А = Q/m. 
The specific latent heat of fusion i 
kilogram (J/kg). 


In order to melt a crystalline substance, heat must be spent 
to heat it to its melting point and to convert it into a liquid: 


О = cm (T, — T) + Am. 


S measured in joules per 


Worked Problems 


Problem 36. Determine the elongation of a copper rod hav- 
ing a length of 6 m and a cross-sectional area of 0.4 cm* 
under the action of a force of 2 kN. 

Given: | = 6 m is the length of the rod, 5 = 0.4 x 
10-4 m? is its cross-sectional area, and F — 2 x 10? N is 
ihe applied force. From tables, we take Young's modulus 
for copper E — 130 x 10? Pa. 

Find: the elongation Al of the rod. 

Solution. We shall solv 


e the problem using Hooke’s 
Al Al Р. 
law —- =F% -7 =y. whence 
Fl 2x10 Nx6m 
Abg Me 


~ 180x105 Pax0.4x 107i mz <= 2.9 X 1073 m. 


Answer. The copper rod elongates by approximately 
0.23 cm. 


Problem 37. A chandelier of mass 250 kg is suspended on 


an aluminium rod with an ultimate stress of 0.11 GPa. 
What must the cross 


-sectional area of the rod be for the 
safety factor to be 4? What is the strain in the rod? 
s the mass of th 
— 1.1 x 108 
ke the free fa 
? and Young's modulus for al 
401%. Ра. 


Find: thecross-sectional area S of ther 
Solution. The deformation of the rod 
of gravity G — mg. The cross-sectional area of the rod is 
chosen depending on th i 
rod: o = G/S 


Pa is the ultimate 
ll acceleration Е = 
uminium, E — 7 x 


S = mglo, 
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Given the safety factor п and the ultimate stress o,, we 
can determine the admissible stress: n = 01/0, O = oy/n. 
Finally, 


— В. 
=, п, 
g— 250 kg x 9.84 m/sX4 | 895 10-5 пи. 


1.1105 Pa 


The strain in the rod is 


Ou 1.1105 Pa а" 
=, == ут 1010 Ра ~4x 107. 


Answer. The cross-sectional area of the rod is 0.89 ст? 
and the strain is about 4 x 107*. 

Problem 38. How much heat is required to convert 0.8 kg 
of ice at —10°C into steam а; 
100°С? Plot the graph of t = f (0). 

Given: т = 0.8 kg is the mass of & 
the ice, 4, = —10°C is the initial 
temperature of the ice and t,=100°C 
is the temperature of the steam. 
From tables, we take the melting 
point for ісе, tọ = 0°C, the boiling 
point for water, ty = 100°C, the 
specific heat for ice, (= ё 
2090 J/(kg.K), the specific heat ё 
for water, Cy = 4187 J/(kg: К), the 
specific latent heat of fusion for ice, 
^=3.35 x 10° J/kg, and the spe- 
cific latent heat of vaporization of water, 
109 J/kg. Ru 

Find: the amount of heat О required to convert the ice into 
Steam. 3 

Solution. The required amount of heat Q is determined 
by summing the amóunts of heat Q — 0, + 0 + Qs + Qa 
(Fig. 13), where Q, is the heat required to heat the ice to the 


melting point, 
Q = ст (to — Ё), 
Q, = 2090 J/(kg- K) x 0.8 kg x 10 K 
= 16720 J = 16.72 kJ, 


72 Ch. I. Fundamentals of Molecular Physics 


Q; is the amount of heat required to melt the ice, 
О, = Ат, Q, = 3.35 x 105 J/kg x 0.8 kg 
= 2.6 x 10° J = 260 kJ, 


Q, is the amount of heat required to heat the water obtained 
from the ice to the boiling point, 


Qs = сут (ty — to), 
Оз = 4187 J/(kg- К) x 0.8 kg x 100 К = 334960 J 
> 335 kJ, 
and Q, is the amount of heat required to evaporate the water 
Qs = rm, Q, = 2.26 x 405 J/kg x 0.8 kg — 1.808 
X 109 J ~ 1810 kJ. 
The total amount of heat is 


Q = 16.72 kJ + 260 kJ + 335 kJ + 1810 kJ 
œ~ 2420 kJ. 


Answer. In order to convert 0.8 kg of ice into steam, an 
energy of 2420 kJ = 2.42 MJ is required. 

Problem 39. A certain amount of steam at 100°C is intro- 
duced into a vessel Containing 0.5 kg of water and 20 g of 
ice at 0°С. Аза result, all the ice is melted, and the water is 
heated to 19°C. Find the mass of the steam. The heat capac- 
ity of the vessel should be neglected. Plot the graph of 
t = f (Q). 


Given: my = 0.5 kg is the mass of the water 
0.02 kg is the mass of the ice, 1, = 0°C is the initi 
perature of the water and ice, 0 = 
established in the vessel, and ¢ 
ature of the steam. F 


‚т = 
al tem- 
19"C is the temperature 
steam = 100°C is the temper- 


rom tables, we take the specific latent 
heat of vaporization (condensation) for water, r = 2.26 x 
10° J/kg, the Specific heat for w 


ater, с = 4187 J/(kg.K), and 
at of fusion for ice, } = 3.35 x 10° J/kg. 
steam Of the steam, 
ve the problem, we must write the heat 
The steam delivered to the vessel con- 
ice condenses, liberating heat Q = 
rom f 100. bw from the steam is cooled 
steam = 10 0, liberating heat = CMgteam X 
(steam — Ө). Thus, the heat given away is at = Q, + Qs. 


the specific latent he 
Find: the mass m 
Solution. To sol 
balance equation. 
taining water and 
"теат. The w 
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The received heat О, „с is the sum of the heat spent to melt 
the ice, Q4 = Ат, and the heat spent to heat the cold water 
and the water obtained from melting ice: Q4 = c (m, + my) X 
(0 — to). Consequently, Огес = Qs + Qs. 

According to the energy conservation law, Озу = Огес. 

Let us write the heat balance equation and determine 
the mass of the steam: 


TMsteam + теат (steam d 9) = Àm, ё (m, s My) (8 — to) J 


Am, 4- c (mj 4- my) (8 — to) 


Msteam = r-H c (tsteam — 9) ' 
T - 3.35 x 108 J/kg x 0.02 kg-+ 4187 J/(kg-K) x 0.52 kg x 19K 
emam 2.26 x 10° J/kg -+ 4187 J/(kg-K) X 81 K 


= 1.85 x 107? kg. 


The graph of ё = f (Q) is presented in Fig. 14. Over re- 
gion 7, heat Q, is liberated during the condensation of the 
steam at constant temperature 
(the potential energy of interaction 
between the particles decreases). 
In region 2, heat Q, is liberated 
because the water obtained from 
thesteam cools (the kinetic energy 
of the particles decreases). In region 
3, heat Q, is absorbed to melt the 
ice (the potential energy of the in- 
teraction between the particles in- 
creases). In region 4, heat Q, is ab- 
sorbed by the cold water and the 
ice water (the kinetic energy of the particies 
their temperature increasing to 8. 

Answer. About 19 g of steam are required to melt the ice 


and heat the water. 

Problem 40. How much gray cast iron t 
be melted in a furnace with an efficiency of 20% 
1.94 t of A-1 grade coal? 

Given: y = 20% = 0.2 is the efficiency of the furnace, 
mMm, = 1.94 X 103 kg is the mass of coal spent, and £, = 20*C 
is the initial temperature of the cast iron. From tables, we 
take the specific heat of combustion of coal, g = 2.05 x 


107 J/kg, the specific heat of cast iron, c = 550 J/(kg- K), 


Fig. 14 


increases), 


aken at 20°С can 
by burning 
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the melting point for cast iron, & = 1150°C, and the specilic 
latent heat of fusion for cast iron, А = 9.7 x 10! J/kg. 

Find: the mass m, of the molten cast iron. 

Solution. The amount of heat Query required to heat the 
cast iron and melt it can be determined from the formula 
Quserur = CM (te — В) + Ат. On the other hand, the 
useful heat is just 20% of the spent heat, i.e. 20° of the 
heat liberated by burning the coal: nes Qusetut 


= where 
Qspent Ў 


Qspent = gme. Hence Qusetu = 197 с. 


We write the heat balance equation and determine the 
mass of the cast iron: 


m, 
m, [c (t — 4) -- 4] — 1970, т = Е , 


— 0.2.2.05 x 40? J/kg x 4.94 x103 kg _ 70 1 
^o 850 J/kg-K) x 1130 K-E9.7 x 10H kg = 11070 kg c 11.1 t. 


Answer. About 11.1 t of cast iron can be melted in the 
furnace, 


Problem 41. What must be the 

iron meteorite for it to be completely evaporated in the 
Earth's atmosphere? Assume that the initial temperature of 
the meteorite before it enters the atmosphere is 3 К and 
that 50% of its kinetic energy is converted into internal 
energy. 
Given: T = ЗК isthe initial temper. 
n = 50% = 0.5. From lables, we t 
iron in the solid state, с = 460 J/ 
of iron, Tm = 1803 K, the specific latent heat of fusion of 
iron, А = 2.7 x 105 J/kg, the specific heat of iron in the 
liquid state, €, = 830 J/(kg- К), the boiling point of iron, 
Ty — 3323 K, and the specific latent heat of vaporization 
for iron, r — 5,8 x 10+ J/k 

Find: the minimum velocity v of the meteorite at which it 
enters the Earth's atmosphere. 

Solution. The meteorite is m 
needed are taken to be the tal 

When the meteorite enters th 


ergy is spent on heating, 
problem st 


minimum velocity of an 


ature of the meteorite, 
ake the specific heat of 
(kg- К), the melting point 


ade of iron, so all extra data 
bulated values for iron. 
e atmosphere, its kinetic en- 


fusing, and evaporating it. The 
ates that these processes consume 50% of the ki- 
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netic energy of the meteorite. Therefore, we can write 


p? 
0.5 


m= en (Tm — T) Ат - em (Ty — Ти) тт. 


Eliminating the mass of the meteorite from the equation 
(we take it out of the parentheses on the right-hand side of 
the equation and cancel it out), we obtain 


v = 4 [с (Tm — T) + А + с (Ty — Т) + rl. 


We write the solution in the general form and then carry 
out the calculations: 


v22Vc(T,—T)d 4 e(Ty— Tm) tr, 
v — 2, V (460 x 1800 + 2.7 x 105 + 830 х 1520 + 5.8 x 10%) m?/s? 
œ 3100 m/s. 


Answer. The minimum velocity of the meteorite must be 
approximately 3.1 km/s. 


Questions and Problems 


7.1. Why should a tool being sharpended be periodically 
cooled? 

7.2. Two cubes, one cut from a single crystal and one 
from glass, are placed in a vessel containing hot water. 
Will they retain their shape? 

7.3. The hardness of glass and tool steel is the same. 
Why are cutting tools not made of glass? 

7.4. Why is lead wire used for fuses rather than some 
other metal? 

7.5. Under what conditions can lead be melted in water? 

7.6. Why does precipitation in summer have the form of 
rain or hail and not snow? 

7.7. Why is salt sprinkled over pavements covered with 
ice in winter? 

7.8. What is the diameter of a rod if the mechanical 
stress caused in it by a force of 2 x 10° N is 160 MPa? 

7.9. Tensile forces of 150 N each act on the two ends of ав 
iron wire of 2-m length and 1-mm? cross-sectional area. De- 
termine the absolute elongation and strain of the wire. 

1.10. Determine the elongation of a 4-m long steel wire 
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having a diameter of 2 mm and loaded with 70 kg. Deter- 
mine the energy of elastic deformation of the wire. The mass 
of the wire should be neglected. 

7.11. What will be the difference in the elongation of 
a wire if it is replaced by the same length of wire made of 
the same material and with the same load but with twice 
the diameter? 

7.12. А wire having a cross-sectional area of 1 mum? and 
a length of 1 m is elongated by 1 mm under a load of 200 N. 
What will the elongation be for a wire made from the same 
material, 3 m long, with a cross-sectional area of 0.5 mm, 
and loaded by a force of 300 N? 

7.13. A residual deformation appears in а copper wire 
having a cross-sectional area of 1.5 mm? when loaded by 
a tensile force of 45 №. What is the elastic limit of the 
wire material? 

7.14. А brass wire has a diameter of 1 mm and a length 
of 3.6 m. Calculate Young's modulus for brass if a 19-kg 
load elongates the wire by 8 mm. 

7.15. What must the minimum diameter of a steel rope 
be for it to be able to hold a load of 2.45 x 10 N? The 
ultimate stress for steel is 1.25 GPa. 

7.16. What is the maximum | 
а steel rope with a cross-sectional 
mate stress should be taken as 785 MPa. 

7.17. How many piles having a diameter of 10 cm each 
atform having a mass of 9 x 
pressive stress is 107 Pa? 
-sectional area of the steel Tope 
а 6-t load if the ultimate stress 
nd the safety factor is 10. 


the force of gravity? The ulti ress of 
и 395 bree gravity? The ultimate stress o 


7.20. Under a 120-N force, a spring is 5 
: a : à spring is elongated by 5 cm. 
What is the potential energy o " Е : 


f elastic i 
spring? elastic deformation of the 


7.21. What must the elongati ani i 
ime aua мут ongation be of an iron rod having 


l sectional area of 7.8 mm?, and a po- 
tential energy of elastic deformation of 3.9 x 10-2 J? 


:22, A flask Containing ice at 0°C is placed in a vessel 
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containing water at the same temperature. Will the ice 
melt? 

7.23. Why are alcohol and not mercury thermometers used 
to measure temperatures in the north? 

7.24. How much heat is required to melt 2.6 kg of lead 
at 300 K? 

7.25. How much heat musi be spent to convert 125 g of 
ice at 268 K into steam? 

7.26. 0:15 kg of molten lead at its melting point are 
poured into 300 g of water at 285 К. Determine the tempera- 
ture at thermal equilibrium, neglecting heat losses. 

7.27. Equal volumes of lead and tin are taken at their 
melting points. What is the ratio between the amounts of 
heat required to liquefy them? The temperature dependence 
of their densities should be neglected. 

7.28. To make shot, 50 kg of lead at its melting point are 
sprayed in jets into water. Determine the final temperature 
in 19 | of water taken at 283 К. Plot the graph t = f (Q). 

7.29. 58 g of molten lead at 357°C were poured into an 
indentation in a piece of ice at 273 K. How much ice is 
melted if the lead is cooled to 273 К? Plot the graph ¢ = КО). 

7.30. An aluminium vessel whose mass is 240 g contains 
360 g of water at 25°C. After 20 g of ice at its melting point 
are placed in the water and melted, the temperature in the 
vessel becomes 293 K. Using these data, determine the 
specific latent heat of fusion for ice. 

7.31. An aluminium bar at 520°С is placed on ice at 
273 K. Determine the mass of the aluminium bar if 26 kg of 
ice were melted to cool the bar. : 

7.32. In the far north, fresh water is obtained by melting 
snow. How much firewood has to be burnt to melt 1500 kg of 
snow at 263 K if the temperature of the obtained water is 
5°C? The efficiency of the set-up is 30%. 

7.33. The mass of fuel oil burnt in a smelting furnace con- 
stitutes 12% of the mass of fused metal. Determine the 
efficiency of the furnace in which 200 kg of liquid aluminium 
are obtained in a smelting process at the melting point of 
aluminium. The initial temperature of the metal is 283 K. 

7.34. Determine the mass of metallurgical coke burnt to 
smelt 1.5 t of scrap iron taken at 293 K. The efficiency of the 
blast cupola is 60%. ; 

7.35. A refrigerator operates for 9 h to produce ice at 
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271 K from 200 g of water taken at 15?C. Determine the 
power of the refrigerator. 4 

7.36. Calculate the efficiency of а smelting furnace in 
which 1.1 t of Donetsk coal are burnt to obtain 7.2 t of white 
cast iron. The initial temperature of the white cast iron 
is 0°С. 

7.37. 1n frictional welding, aluminium rods at 17°C are 
pressed tightly together, and then one is rotated by a spindle. 
As a result, the temperature of the aluminium where the 
rods are in contact rises. What mass of the aluminium is 
fused in 10 s if the force of the pressure is 1260 N at a rota- 
tional speed of the spindle of 90 m/min? 

7.38. A skidding car moves over а snow field. The skid- 
ding consume 5 kW of power. How much snow will melt 
under the wheels in 1 min if the temperature of snow is 0°С? 

7.39. A lead bullet having a velocity of 450 m/s and 
а temperature of 117°С strikes a steel beam: What fraction of 
the bullet fuses if 40% of its kinetic energy before the im- 
pact is spent on heating the bullet? 

7.40. While making ice in a frige, the temperature of 
water is reduced from 278 to 273 K in 5 min and it takes 1 h 
20 min then for the Water to be converted into ice. Using 
these data, determine the specific latent heat of fusion for 
ice assuming that the specific heat of water is 4190 J/(kg- K). 

7.41. A 300-g lump of wet snow is placed into 1.2 1 of water 
at 21°C. After all the snow has melted, the temperature of the 
water drops to 6°С. How much Water was contained in the 


lump of snow? The-specific heat of water should be taken 
as 4190 J/(kg. К). 


$8. THERMAL EXPANSION OF BODIES 


Basie Concepts and Formulas 


Solids, liquids and gases all expand upon heating. Solids 
expand much less than liquids and gases which expand 
the most. 
. Solid bodies with one dominant dimension are character- 
ized by the coefficient, of linear expansion о. 

If the length of a solid body at t, = 0°C is lọ and be- 
comes l, as а result of it being heated to a temperature t, 
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the coefficient of linear expansion is defined as 


OAM 
CNN ? 
where Al = l; — lọ and At = t — ty. The coefficient of 
linear expansion is measured in reciprocal kelvins (К -!). 
If the initial temperature is 0°C, At = 1. 
The length of a body at different temperatures can be de- 
termined from the formula 


ЕВ 1 + at). 


Since the value of « is very small, we can use the formula 
l = 1, (1 + a At), 


where At = Ё, — f, and l, and J, are the lengths of the 


body at these temperatures. 

Solid three-dimensional bodies (like a cube or a sphere) 
and liquids are characterized by a coefficient of volume 
expansion В: 

AV 
B= Vat * 


The coefficient of volume expansion is also measured in 


reciprocal kelvins (K~). 
By analogy with linear expansion, the volume of a body 


at any temperature can be expressed as follows: 
V, = Vo (1 + Bi). 

For two nonzero temperatures, we can write 
V, = V, (1 + BAD, 


where At = t, — Ё. 
The following rel 
coefficient of linear expansion and И 


expansion: В == Зо. 
The densities of solids and liquids also change as a result 


of heating. As the volume increases due to heating, the 
density decreases: 


ation can be established between the 
he coefficient of volume 


EUER un 
Pi= ВАЕ ° 
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At constant pressure, the coefficients of volume expansion 
for all gases are the same and equal to В = 0.00 361 K~! = 


—1 
273.15 K 


Worked Problems 


Problem 42. A guitar is tuned in a room at 293 K, the length 
of its steel string being 0.7 m. What will be the change in 
the length of the string outdoors where the temperature is 
263 K? What will the additional mechanical stress be? 
What are the elastic force and the potential energy of the 
elastically deformed string? The cross-sectional area of the 
string is 0.85 mm?. 

Given: l, — 0.7 m is the initial length of the string, 
T, — 293 K is the initial temperature, T, — 263 K is the 
temperature outdoors, and S = 8.5 x 10-7 m? is the cross- 
sectional area of the string. From tables, we take the coeffici- 
ent of linear expansion for steel oz, = 1.9 X 10-* K-. and 
Young's modulus for steel £ — 2.9 X 10! Pa, 

Find: the absolute decrease Al in the 
the additional mechanical stress с, the 
the potential energy Е 

Solution. As the temp 
string decreases by Al. 
from the formula 


length of the string, 
elastic force Г, and 
р of elastically deformed string. 
erature decreases, the length of the 
The value of Al can he determined 


Al = laAT, 
where AT = T, — Ti, 


Al = 0.7 m x 1.2 x 10-5 К-1 (—30 K) 
= — 2.52x10-5 m ~ — 0.952 mm. 


The minus sign in front of Al in this case indicates that 
the string has become shorter, 


The measure of the Stressed state of a deformed body is the 
mechanical str 


j ess o, which can be determined using Hooke's 
aw: А 

=. ЕМ 2:210" Pax2.52 x 40-4 4 
qus с n Tm 7.92 x 107 Pa. 


The elastic force F em 


: erging during the compression 
of the string is proportio s е 


nal to the absolute deformation: 
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Pa ah Since EM 
ly ly 


F=oS, F—1.92x107 Pax8.5 x10-7m? ~ 67 N. 


Knowing the elastic force and the decrease in the string 
length, we can determine the energy of the elastic deforma- 
tion of the string: 

FM 

x M. a 

Answer. As a result of the decrease tintemperature, the 
string contracts by about 0.25 mm. The additional stress 
emerging thereby is 7.92 x 107 Pa. The elastic force is 
approximately 67 N, and the potential energy of the 
elastic deformation is about 8.4 mJ. 

Problem 43. A tank car contains 20 t of petrol at 298 K. 
How much smaller will the volume of the petrol at the ter- 
minal be if the ambient temperature is 248 K? The change 
in the capacity of the tank car as a result of the change in 
temperature should be neglected. 

Given: T, — 298 K is the initial temperature of the pet- 
rol, т = 20 t = 2 x 10! kg is the mass of the petrol, 7, = 
248 K is the final temperature of the petrol. From tables, 
we take the coefficient of volume expansion of petrol, B — 
10-3 K-!, and the density of petrol at 273 К, pọ = is 
10? kg/m’. 

Find: the change AV in the volume of the petrol. 

Solution. As the temperature falls, the volume of the pet- 
rol decreases by AV = V, — Vi, where V, is the volume of 
the petrol at Ти, and V; is its volume at Т,. The volumes V, 
and Г, can be found from the formulas 


V,=V, М + pO, — T9. =, М + В (T2 — 79. 
The unknown volume V, at T, = 273 К can be calculated 
from the formula V, = m/p,. Then 


AV — ВЕТ, — То)  1— ВСР, — То 


=o, we have 


67 N х 2.52 x 1071 
E Ер= DUE вд x 107? T; 


or 
ay =". (r, — 7), 
Ро 


2x101 kg x 10-3 K- (248 К—298 К) _ A 
AV = 0 kept 1.43 ш. 


6—0530 
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The minus sign indicates that the volume has decreased as 
a result of the fall in the temperature. . 

Answer. The volume of the petrol is reduced by 1.43 m? 
due to the temperature drop. 

Problem 44. A steel ingot has a volume of 2.8 dm? at 0°С. 
Determine its volume at 525°С. Find the density of steel at 
this temperature. How much heat is spent to heat it? 

Given: Vy = 2.8 x 10-3 m? is the volume of the ingot at 
0°C, t, = 0°C is the initial temperature of the ingot, t = 
525°C is the temperature of the hot ingot. From tables, we 
take the coefficient of linear expansion for steel, a = 1.2 x 
107* К -!, the density of steel at 0°С, p, = 7.8 x 10? kg/m?, 
and the specific heat of steel, c = 460 J/(kg- К). 

Find: the volume V of the hot ingot, the density p of steel 
at 525°C, and the amount of heat О spent to heat the ingot. 


Solution. The volume of the ingot heated to 525°C can be 
determined from the formula 


V = V, (1 + BAT), 
where AT = t — t. 


Since the coefficient 


of volume expansion for solids is В: 
За ( 


with a small error), we can find the volume: 
У = 2.8 х 10-3 m? (1--3 x 4.2 x 10-5 K-1 x 525°C) 
= 2.85 x 10-3 тз. 


The density of steel decreases with increasing tempera- 
ture. It can be determined from the formula 
p — py/(1 -- ВАТ), 
F: 7.8 х 103 kg/m3 PETS 
P= рв 0 К x ББ K = 7.65 Х 108 kg/m*. 


Pay attention to the fact that the lemperature difference 
can be expressed either in degrees Celsius or in kelvins. 

The heat spent to heat the ingot is О = ст (t — t,). Since 
mass can be expressed in terms of density, m = pPoVo = 
pV, we have : ; 

Q = PoVoc (t — to), 


Q = 7.8 x10 kg/m x 2.8 10-3 m? x460 J/ 
= 5.8x109 J. 
Answer. The volume of th 


the density of steel at 52, 
amount of heat spent to 


(kg- К) x 525 К 


е hot ingot is 2.85 x 10-3 т?, 
5°С is 7.65 x 10° kg/m?, and the 
heat it is 5.3 MJ. 
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Remark. The volume of the hot ingot can be found in 
a different way: first we can determine AV = Г,ВАТ, and 
then V = У, + AV. 


Questions and Problems 


8.1. Why is Invar used in clockwork mechanisms? 

8.2. Why are the holes in the cover plates connecting 
rail sections together oval? 

8.3. The filaments fused into the glass parts of vacuum 
tubes or incandescent lamps must have the same thermal 
expansion coefficients as that of glass. Why? Can copper 
wire be used? 

8.4. A copper ring is heated in a bunsen flame. What will 
be the change in the inner diameter of the ring? 

8.5. How can a steel rod be extracted from a tight- 
fitting brass sleeve? 

8.6. Prove that the coefficients of volume expansion for 
solids are three times as large as the coefficients of linear 
expansion. Is it an exact or approximate relation? 

8.7. Cold water can be poured into a red-hot flask made 
of quartz glass without breaking it. How can this be ex- 
plained? 

8.8. Why should tanks for petrol, kerosene or petroleum 
not be filled to the brim in summer time? 

8.9. Dentists do not recommend that we eat very hot 
food. Why? 

8.10. What will happen to a bimetallic stript when it is 
heated? Where are such plates used? 

8.11. A steel measuring tape 100 m long is used for geo- 
desic surveying. How much will it be elongated if the tem- 
perature increases by 10 K? 

8.12. What is the maximum increase in temperature of 
a 1-km long aluminium wire for it to be elongated by only 
230 mm? 

8.13. As a result of heating through 100 K, each metre of 
a wire elongates by 0.4 mm. What is the material from 


which the wire is made? 


4 A bimetallic strip is made from two different metals rivetted 
together. 


ç+ 
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8.14. The Ostankino televisión tower in Moscow is made 
of reinforced concrete and is 533 m high at 273 К. How high 
will it be at -- 20°C and at — 20°C? Assume that a = 1.2 x 
10-5 K-! for reinforced concrete. 

8.15. An iron rod 60 cm long at 273 K is placed into 
à furnace. As a result, it elongates by 6.5 inm. Determine 
approximately the temperature in the furnace. 

8.16. The diameter of an iron tyre at 0°C is 6 mm less than 
the diameter of the wheel (equal to 1.2 m) on which it has to 
be set. By how many kelvins should the temperature of the 
tyre be raised to set it onto the wheel? 

8.17. The inner diameter of a copper ring at 273 K is 
5 cm. To what temperature should it be heated for it to 
accommodate a ball 5.01 cm in diameter? 

8.18. The transmission line between the Volzhskaya 
hydroelectric station and Moscow is 1000 km long. The line is 
made of steel-and-aluminium wire. What will be the differ- 
ence in the length of the steel and aluminium components 
if the temperature increases by 30 K? 

8.19. The rod antenna of the Luna-20 probe, which is oper- 
ating on the surface of the Moon, is 2 in long at noon when 
the temperature at the Moon's surface is 393 К. How long 
will the antenna be at midnight when the temperature on 
the Moon drops to 123 K? The antenna is made of brass. 

8.20. A steel beam is fastened on two supports which pre- 
vent it from expanding. The cross-sectional area of the beam 
is 140 cm?. What will be the force of the pressure exerted by 


En un on the supports if the temperature increases by 


8.21. An aluminium rod whose cross-sectional area is 
4 cm? is tightly clamped between two jams. What must be 
the increase in temperature for the force of pressure 
exerted by the rod on the jams to be 9.7 kN? 

8.22. What forces should be applied to the ends of a steel 
rod of a cross-sectional area 10 cm? to prevent it from elon- 
gating when heated from 273 to 303 K? 

8.23. Two rulers, one made from aluminium and one 
from steel, have the same length of 1 m at 0°C. At what tem- 
perature will the difference in their lengths be 5.5 mm? 


8.24. How much heat is requi 
ired t k er rod 
whose Cross-sectional E elongate By U. 


iun heo area is 2 cm? elongate by 0.1 mm 
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8.25. A steel tyre is set on a wheel at 300 K. What force 
will emerge when the tyre is cooled to 293 K if its cross- 
sectional area is 20 cm?? 

8.26. A cylinder is cut from quartz so that its axis is 
parallel to the symmetry axis of the quartz crystal. At 18°C, 
the radius of the cylinder base is 10 mm and its height is 
50 mm. Determine the volume of the cylinder at 573 K. The 
coefficient of linear expansion is 7.2 x 10-° K~! for the 
longitudinal axis and 1.32 х 10-° K^! for the transverse 
axis. 

8.27. The coefficient of surface thermal expansion is twice 
the coefficient of linear expansion. What must be stipulated 
in this case? 

8.28. A copper sheet having a size of 0.6 х 0.5 m? is heat- 
ed from 293 К to 600°С. Determine the area of the hot 
sheet. 

8.29. What is the increase in the temperature of an alu- 
minium sheet if its area has increased by 3200 mm? by 
heating? The area of the sheet at 0°С is 1.5 m?. 

8.30. A vessel whose volume is 51 is filled to the brim 
with kerosene at 0°C, brought into a room where the temper- 
ature is 18°C, and placed on a tray. How much kerosene (in 
litres) will overflow if the thermal expansion of the vessel is 
not taken into account? How much will overflow if it is 
taken into account, the coefficient of volume expansion 
for the vessel material being B = 3.6 x 40-9 Ket 

8.31. A 2-1 aluminium kettle is filled with water at 4°C. 
How much water (in litres) will overflow from the kettle if 
it is heated to 353 K? 

8.32. What is the density of tungsten at its melting point? 

8.33. At what temperature is the density of concrete 
2.19 x 10? kg/m?? Assume that the coefficient of linear 
expansion for concrete is 4.9.5; 10-9 Kok 

8.34. The volume of a brass cylinder at 325 К is 425 стз. 
Determine the mass of the cylinder. 

8.35. The mass of a copper bar is 10 kg. At what tempera- 
ture will the bar have a volume of 1.125 dm?? 

8.36. Alcohol at 273 K is poured into a 10-1 glass bottle. 
Neglecting the thermal expansion of glass, calculate the vol- 
ume and mass of alcohol that can be poured into it so that 
it does not overflow at 50°С. 
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8.37. Solve Problem 8.36 taking into account the expan- 
sion of the glass bottle. 

8.38. How much petrol can be poured at 273 K into a 60- 
m? iron tank so that it does not overflow when heated to 
40°C? Determine the mass of the petrol. 

8.39. What volume is occupied by water in a steam boiler 
at 100°C if the mass of the water is 2000 kg? 

8.40. What is the minimum capacity of the cooling sys- 
tem of a transformer if the temperature of the oil in it does 
not exceed 363 K during operation of the transformer? The 
mass of the oil is 3000 kg. 

8.41. A 500-cm? flask made of quartz glass is filled with 
mercury. Determine the coefficient of volume expansion for 
mercury if 8.91 cm? of the mercury overflows as a result of 
heating the flask from 273 to 373 K. 

8.42. How much heat is spent if the volume of a mass of 
mercury increases when heated by 4.5 cm?? Heat losses 
should be neglected. 


Chapter 1I 


Fundamentals of Electrodynamies 


8 9. ELECTRIC FIELD 


Basic Concepts and Formulas 


Under normal conditions, any physical body is electrically 
neutral, i.e. contains equal numbers of elementary electric : 
charges of opposite signs. The unit of electric charge is the 
coulomb (C). When a body is electrostatically charged, the 
electric charges are redistributed so that the body has an 
excess charge of one sign; it becomes electrically charged. 
For example, if a body has an excess number of electrons, 
it is negatively charged. 

The algebraic sum of the charges in an isolated system 
remains constant (the law of charge conservation). 

Two bodies bearing like charges repel each other, while 
oppositely charged bodies attract each other. The force F 
with which two point charges Q, and Q, interact is given 
by Coulomb's law 


pat 10111, 


4T£o er? 


where r is the separation between the charges, € is the per- 
mittivity of the medium, and e, is the electric constant. 
It is good to remember that 1/(Ane) = 9 x 10° m/F. 
Electric charges interact through electric fields, which 
are characterized by a vector quantity known as the electric 
field strength E: 
w 
Qa’ 
where Q, is a test charge in the field. 
The electric field strength produced by a point charge is 
1.0 


Laco rcu T X 
Amey Er 


E= 


where Q is the electric charge producing the field. 
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When a charge moves in an electric field, work is done. 
Therefore, the energy characteristic of electric field is the 
electric potential 


A 
p=- 


Q 
The unit of potential is the volt (V). 


The electric potential of the field produced by a point 
charge or electrically charged sphere is 


Q 


Але, er ' 


Psph = 


The work A done in an electric field to move a charge 


depends on the potential difference for the points between 
which the charge Q moves: 


А —Q(q— Фа). 
It does not depend on the shape of the path along which 


the point moves. 
For a uniform field, 


where d is the separation between points 7 and 2 measured 
along the field line. This formula gives the dimensions of 
the electric field Strength, viz. volt per metre (V/m). 

When an isolated conductor is electrostatically charged, 
its potential increases in proportion to the charge Q impart- 
ed to it: Q = Cq. Here C is a proportionality factor 
known as the capacitance of the conductor: 

с=9. 
€' 
The unit of capacitance is the farad (F). 
The electric capacitance of an isolated sphere is 


Com = nteger, 


Electric energy can bestored inc 


apacitors. The capacitance 
of a parallel-plate Capacitor is 


calculated by the formula 


505 
CT 
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while the energy accumulated in it is given by 


CU? 


Wes 


When capacitors are connected in parallel to form a bank, 
the total capacitance is equal to the sum of the capacitances 
of individual capacitors: 


C=O +65 T Cy dos 


The potential difference (voltage) across all the capacitors 
is then the same. 

When a bank is formed by series-connected capacitors, the 
total capacitance is determined from the formula 


4 4 TIC МР 


еж P ur 


Qc ver C Br Cs 


Worked Problems 


Problem 45. A conducting sphere bearing a charge of 1.8 x 
10-8 C is brought in contact with two similar spheres, one of 
which has a charge of — 0.3 x 10-5 C and the other is neu- 
tral. How will the charge be distributed among the spheres? 
What will be the force of interaction between two such 
spheres in vacuum at a distance of 5 cm from each other? 

Given: Q, = 1.8 х 10-8 C, Q, = — 0.3 х 10-* C, and 
Q, = 0 are the charges of the spheres before they are 
brought in contact, and r = 5 X 10-2 m is the distance at 
which two spheres interact. From tables, we take the elec- 
tric constant e; = 8.85 х 10-!? F/m and the permittivity 
of vacuum, & — 1. 

Find: the electric charges 0%, Qj, and Q; of the spheres 
after they have been brought in contact and the force F of 
electrostatic interaction between two spheres. 

Solution. When the spheres are brought in contact, some of 
the charges neutralize each other since they have opposite 
signs. The remaining charge will be equally distributed 
between the three spheres: 


, 0+0. ,  1.8x10-5 C—0.3x 107 5C 
0; Q; Q; an 3 : , Qi 3 


— 0.5 x 1075 C. 
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The force of electrostatic interaction between two identical 


charges Q; and Q; in vacuum can be determined from 
Coulomb's law: 


1 (0: 


qas 79 X10 m/F — 9x 10° Nome 


is Але гї " Але 


F—9 40 №. т2/02 9x10? CF о, 405 N. 


25x10-5m* 


D 


Answer. The charge on each sphere after they have been 
brought in contact is 0.5 х 10-8 C and the force of their 
interaction is 9 x 10-5 №. 

Problem 46. Two charged metal 


(5) spheres negligibly small in size are 
Е placed in transformer oil where 
Е they interact with a force of 2.5 X 
f 10-* №. Determine the separation 
between the spheres if their charges 

are 6 and 60 nC. 
а Given: 0, — 6 x 10-? C and 


Qa = 6 x 10-8 С are the electric 
charges on the spheres and А = 
ге. 2.5 X 10-4 N is the force of their 


electrostatic interaction. From ta- 
bles, we takethe permittivity of transformer oil, e = 2.5 


Find: the distance г between the spheres. 


Solution. We have point charges and hence Coulomb's law 
is applicable. Then the distance between the charges is 


= 0105 
Ex и ЕДГ о 


Substituting the numerical values, we obtain 


= / 9x10 m]FX6x109x 651078 C "UT 
pep 2.5x2.5x10-4N =72х 10-2 т. 


Answer. The separation between the spheres is 7.2 cm. 
Problem 47. A 2-g sphere bearing a charge of 3 x 10-8 C 
is suspended in air on a Silk thread. Determine the tension 
in the thread when another sphere bearing a like charge of 
2.4 x 10-7 C is placed 10 em beneath the first (Fig. 15а). 


Given: m = 2 x 10-3 kg is the mass of the sphere, Q, = 
3 х 10-8 C is the electric charge of the Sphere, г = 10-!m is 
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the distance between the spheres, and Q, = 2.4 x 1077C is 
the electric charge of the second sphere. From tables, we 
take the permittivity of air, = = 1, and the free fall accel- 
eration g = 9.81 m/s*. 

Find: the tension F, of the thread. 

Solution. The sphere on the thread experiences three forces: 
the force of gravity G — mg, the Coulomb force of repulsion 


pat 21% 


Але, £r? 


and the tension F+ in the thread (Fig. 155). Since the spheres 


, 


0) k) 
ГА 


Е, 
Еіс. 16 
are at rest, the equation for the forces acting on the first 
sphere has the form F, + F — б = 0. Hence 
F,-G—F, Е, = т ui 9 (qi 9x10 Е). 


By £r? 4ле 


Substituting the numerical values, we obtain 
F,— 2x 1075 kg x 9.81 m/s? —9 x 10? m/F 

3x10-9Cx24x107 C _ AT 

MURS 2 1.31 x 107? М. 

Answer. The tension in the thread is approximately 1.3 x 
107? N. 

Problem 48. Electric charges Q, = 4.8 x 107? C, Q, = 
Q, = 1.6 x 10-7 C, and Q, = — 1.6 x 10-7 C (Fig. 16a) 
are arranged in a circle of radius 2 cm at equal distances 
from one another. Determine the field strength and potential 
of the electric field formed by all the charges at the centre O 


of the circle. 


x 
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Given: О, = 4.8 x 107 C, Q, = Q, = 1.6 1077 C, and 
Q, = —1.6 x107* C are the charges producing the field, г = 
2 x 107? m is the radius of the circle. From tables, we take 
the permittivity of vacuum, & -- 1. 

Find: the electric field strength E and the electric poten- 
tial q at point O. 

Solution. Since the medium is not specified in the problem, 
we solve it for vacuum. Each of the charges produces at 
point О a field of strength E,, E,, E}, and Е, respectively. The 
electric field vector E at O is equal to the geometric sum of 
the field strengths due to the individual charges: 

E=E, + E, + Es + Ey. 
The electric field strength Æ, due to charge Q, can be calcu- 
lated by the formula 


pl oi Qu (x 9x 10° m/F) , 


E,—9 x 10 m/F 222057 € — 10,8 x 108 V/m. 
Since the charges 0,, Оз, 


and Q, are equal in magnitude 
and are at the same distan 


ce from point О, we can write 
zm. psc. ОЕ 
E,— E,—E,— алеу er?’ 
D o Xu takes Qut Re ~ A6X10-7C 44. 
E,—E,—E,—9x10* m/F "xdg = 3-6 Х 105 Vim. 
In order to determine the result 


ant field strength, we first 
add the vectors directed along the s 


ame straight line (Fig. 165) 
E, = E, — Е, = 10.8 x 10% V/m 3.6 x 109 V/m 
= 7.2 x 10° V/m, 
E,+E,=3.6 х 10° Vim +3.6 x 10° V/m 
= 7.2 х 108 V/m. 


The required resultant vector E can be found using the 
parallelogram rule (Fig. 16c). In the case under considera- 
tion, we can use the Pythagorean theorem since we have 
a right-angled triangle: 


En = 


E= V2(7.2 x 105 V/m}? = 10.2 x 109 V/m, 
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The electric potential is a scalar quantity. 'Therefore, the 
potential of the resultant field produced by the charges Q1, Qo, 
Qs, and О. is equal to the algebraic (and not geometric as 
for the field strength) sum of the potentials of the fields pro- 
duced by all the charges: 


Е лы 
Ф; = рер ar p= Ox 10 m/F 0m 


= 21.6 x 104 V, 


вх 10-7 
фо фа 9x 10 m/F 202070 — 7.2 10% У, 


Q= — 7.2 x 101 V. 
The potential at point О is 
ф = qui coe + Ps — Фа 
Since фз and фа. are equal in magnitude, we have 


P = pi tH Ppr Ф = 21.6 x 10 У + 7.2 x10 V 
= 2.88 x 10? V. 


Answer. The field strength at the centre of the circle is ap- 
proximately 107 V/m, and the field potential is 2.9 x 105 V. 

Problem 49. Two point charges of 2.64 x 10-8 and 3.3 X 
40-2 C аге in vacuum at a distance of 0.6 m from each other. 
What work must be done to bring the charges closer to 
25 cm? 

Given: Q, — 2.64 x 107? C, Q, = 3.8 x 107? C are the 
electric charges, r, — 0.6 m is the initial distance between 
the charges and r, = 0.25 m is the separation between the 
charges after they are brought closer. From tables, we take 
the electric constant £ọ = 8.85 X 40-2 F/m and the permit- 
tivity of vacuum, € = 1. 

Find: the work A required to bring the charges closer to- 
gether. 

Solution. We assume that the charge Q, produces an elec- 
tric field and the charge Q, is moved in the field. Then the 
work of external forces done to bring the second charge closer 
to the first is 


А = 0: (i — фз). 
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where q, and фз are the electric potentials of the points be 
tween which charge Q, is moved: 


ica c. 2.64 10-5 C — 396 V. 
Ф: лее, — 4388510073 Рио бт i 

Di — 2.64 10-8 С 930 V. 
Фа легу — 418.85 0-0 Fm 025 n 


We can now find the work: 
А = 3.3 x 10-* (396 V — 950 У) >> — 1.83 x 10-8 J. 


The minus sign indicates that the w 
field forces. 4 
Answer. The work done to bring the charges closer is 
1.83 x 10-9 J, 
Problem 50. 
between the pl 


ork is done against the 


A dust particle with mass 10-7 g is suspended 
ates of a parallel-plate air capacitor to which 
a voltage of 500 V is applied (Fig. 17). 


The separation between the plates іѕ5 cm. 
£ Determine the electric charge on the dust 

| particle. 
d Given: m = 10- kg is the mass of 
Peeper a ether dist particle, U = 500 V is the 
Fig. 17 voltage across the capacitor plates, and 


d = 5 X 107? m is the distance between 
the plates. From tables, we take the free fall acceleration 
g = 9.8 m/s. 

Find: the charge Q of the dust particle. 

Solution.The dust particle in the uniform field of the capac- 
itor is acted upon by the force of gravity G — mg directed 
downwards and by the force F = QE exerted by the electric 


field in the upward direction. The particle is in equilibrium 
provided that these forces are 


equal: G — F, or mg — QE. 
Hence 
Q = mglE. 


n relation E = U/d between the 
and voltage, we obtain 


Using the well-know 
electric field Strength 


d -10 к В 2 -2 
Q= ВЕ 02 10 2x9 e moy 10-13 C. 
Answer, Т 


he charge on the dust particle is a roximate- 
ly 10-8 ¢ р dd 
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Problem 51. A voltage of 90 V is applied to a parallel- 
plate air capacitor with a plate area of 60 cm?. The charge on 
the capacitor becomes 10-* C. Determine the capacitance of 
the capacitor, the energy stored in it, and the separation 
between the plates. 

Given: S = 6 x 10-3 m? is the area of a plate, U = 90 V is 
the voltage across the plates, and О = 107? C is the charge 
on the capacitor. From tables, we take the electric constant 
£y = 8.85 x 10-?? F/m, and the permittivity of air = = 1. 

Find: the capacitance C of the capacitor, the energy W 
stored in the capacitor, and the separation d of the plates. 

Solution. Using the formula С = Q/U, we determine the 
capacitance of the capacitor: 


107? C = 
C= 90V ~ 4.4 x 10711 Е => 11 pF. 


In order to determine the energy stored in the capacitor, 
we can use any of the following three formulas: 


QU PEU EA 
Wc. И, We. 


This gives 
-9 и 
w = ONT — 1,5 x 10-1. 

The separation between the capacitor plates can be deter- 
mined from the formula for the capacitance of a parallel- 
plate capacitor, С = ве, S/d. Since e — 1, we obtain 
C = в, S/d. Hence 


mS у 8.855101 F/mx 6x 107? Ш? ,., И 
d=, d ——PÓ 5 x 107 m. 


Answer. The capacitance of the capacitor is approximately 
11 pF, its energy is 4.5 x 10-5 J, and the separation be- 
tween the plates is about 5 mm. 

Problem 52. Determine the capacitance of the capacitor 
bank shown in Fig. 18a if C, = 1.5 pF, C, = 2 uF, Сз = 
3 uF, C, = 4 pF, and C; = 2 uF. What energy is stored in 
the bank if the voltage applied to it is 500 V? 

Given: C, = 1.5 pF, Сз = 2 pF, Сз = 3 pF, Са = 4 ЦР, 
and С; = 2 ВЕ are the capacitances of the capacitors, and 
U = 500 V is the voltage across the bank. 
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Find: the capacitance C of the bank and the energy W of 
the electric field of the capacitor bank. 


Solution. In the problem, it is convenient to ex press the 
capacitances of the capacitors in microfarads. The capacitors 


(eG le 


fes e 
*o—] 


(5) С, 7 

@ 7 

Е acca 1 
G È G ==, p 
D IE T 

Fig. 18 

Cs, Сз, and C, are connected 
by a single capacitor 
(Fig. 185). For series- 


in series. They can be replaced 
having an equivalent capacitance 
connected capacitors, we have 


ADD 1 1 " 
Cr ЗЕР Sup gps С1= 0.92 pF. 
The capacitors C; and C, arec 


onnected in parallel. There- 
fore, their equivalent capacita 


nce is 


Cu = Cs + C, C, = 2uF + 0.92 uF = 2,92 uF œ 3 pF. 
As a result, we obtain the capacitors C, and C,, in series 
(Fig. 18c). 


The capacitance of the bank can be found from the formula 
1 eh gH 
C ата 


СС 1.5 uF 
Ü jen = ҺЕХЗ uF j = 
Greene C Гзи зр 1 uF= 1x 10-6 Е. 
The energy stored in the bank can be determined from the 
formula 


— 60° р, дуое р 

We T у 1х А VA 4 9. aed: 
Answer, The capacitance of the ba 

ВУ 15 approximately 4.3 у 10-3 J 
Problem 53. An electron flies 

Potential difference between 


nk is 1 uF and the ener- 


from point A to point B, the 
these points being 100 V. 
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What is the velocity acquired by the electron at point B if 
the velocity at point А is zero? The charge-to-mass ratio 
for electrons is 1.76 х 10! C/kg. 

Given: U — 100 V is the potential difference between 
points A and B, e/m, = 1.76 x 10" C/kg is the charge-to- 
mass ratio for the electron. 

Find: the velocity v of the electron at point B. 

Solution. The work done by the field in displacing the 
electron is A — eU. This work is converted into the kinetic 
energy of the electron Ey = mQ4?/2. From the energy con- 
servation law, we have eU = m,v*/2, whence 


—7 
v= y 2U n 
v= V 2x 100 V x 1.76 x 101! C/kg = 5.9 x 109 m/s. 


Answer. The velocity of the electron at point B is ap- 
proximately 5900 km/s. 


Questions and Problems 


Conservation of electric charge. Coulomb’s law 


9.1. A drop of oil has an electric charge of —3.2 x 
10-19 C. Determine the number of excess electrons on the 
drop. 

9.2. Three electrons are missing from an electrostatically 
charged body. Determine the magnitude and sign of the 
charge on the body. Х 

9.3. Can an electric charge of опе sign be obtained as 
a result of electrostatic charging by friction? 

9.4. Under what conditions can a brass rod be charged? 

9.5. An electric charge on a conducting sphere has to be 
divided into three equal parts. How can this be done? 

9.6. Why is a metal chain that reaches the ground fixed 
to a lorry for transporting petrol? | 

9.7. Can a positive charge be obtained on an electroscope 
using a negatively charged ebonite rod? : 

9.8. What will happen to the surface charge density on 
a metal sheet rolled into a cylinder? 


7—0530 
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9.9. An elder ball is tied to a silk thread. What will hap- 
pen when an electrostatically charged rod is brought 
close to it? j 

9.10. Will the force of interaction between two point 
charges change if the magnitude of each charge and the 
separation between charges are halved? 

9.11. Two identical conducting spheres bearing elec- 
tric charges of 3.2 x 10-!? and —3.2 x 10-1 C are brought 
in contact. What are the new values of charge on the 
spheres? How many electrons have passed from one sphere 
to another? 

9.12. What is the force of interaction between two point 
charges of 12 nC each separated in vacuum by 3 cm? By what 
factor will the force of interaction be reduced if the charges 
are placed in water? 

9.13. Two identical point charges in glycerol 9.0 cm apart 
interact with a force of 1.3 x 10-5 N. Determine the mag- 
nitudes of the charges. 

9.14. What is the force of interaction between two 1-C 
charges 1 m apart (a) in vacuum and (b) in kerosene? 

9.15. At what distance would two 1-C charges interact 


in vacuum with a force of 4 N? 


9.16. Using Table 14, answer the following questions: 
(1) What is 


the ratio of the forces of interaction between 
electric charges in vacuum and in mica? (2) In what media 
is the force of interaction between charges equal to half the 
force of their interaction in vacuum? (3) To what medium 
Should charges be transferred from vacuum so that their 
interaction is reduced by a factor of 81? 

9.17. Will the electrostatic interaction force between two 
charges change if they are set in ice instead of vacuum? 

9.18. Two mercury drops on glass of mass 20 g each and 


aoe ade receive charges of —6.0 x 10-8 and 2.0 x 


what direction and with what acceleration will 
they Start to move? Will the motion be uniformly accelerated? 
Gravitational forces should be neglected. 
ie With what force is an electron moving in an orbit 
of radius 5.0 x 10-1 т attracted to a helium nucleus? The 
charge of the nucleu 


s is 3.2 x 10-19 С. it. 1а 

he Haenel to Mir C. The orbit .shou 
9.20. Two little spheres having a mass of 1 g each and 
uspended in vacuum from the same point on silk threads 
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haveequal negative charges. They repel each other and move 
apart to 12 cm, forming an angle of 22°. Determine the num- 
ber of electrons on each ball and the tension in the threads. 
Show the forces acting on the balls on a diagram. Will the 
tension in the threads change if the charges interact in 
zero-gravity? 

9.21. Two point charges of 5.0 x 10-3 and 1.5 x 10-8 C 
are 4.0 cm apart in vacuum. Determine the force with 
which these charges will act on a third charge of 1.0x 10-? C, 
located at the midpoint of the line connecting the charges. 

9.22. A charge of 1.57 x 10-5 C is transferred to a metal 
sphere of radius 5 cm. What is the surface charge density on 
the sphere? 

9.23. The surface charge density of a conducting sphere 
is 5 x 10-5 C/m?. Determine the magnitude of the charge 
on the sphere if its radius is 8 cm. X 

9.24. Two electric charges, опе of which is twice the oth- 
er, interact at a distance of 0.60 m in vacuum with a force 
of 2.0 mN. Calculate the magnitudes of charges. At what 
distance in kerosene will the interaction between the 
charges be the same? 

9.25. What is the ratio of the electrostatic force of repul- 
sion between two electrons to their gravitational attraction? 

9.26. Determine the permittivity of kerosene if two equal 
like charges interact in vacuum with the same force at a dis- 
tance of 0.283 m as in kerosene at 0.20 m. Assuming that 
the force of interaction in kerosene is 3.0 x 10-2 М, deter- 
mine the magnitudes of the charges. 


Electrie field strength 


9.27. Do the electric field vector and the vector of the 
force exerted on a charge by an electric field always have the 
same directions? 

9.28. Why is a metal cap sometimes put on a vacuum 
tube? 

9.29. Can electric charges be separated on (a) a conductor, 
(b) a dielectric? 

9.30. A cylindrical conductor is attached to a conical 
conductor with the same base area. What can be said about 
the electric field strength near various points on the surface 
of the resultant conductor? 


7* 
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9.31. Why is a ball usually fixed to the rod of an electro- 
scope? : 

9.32. Two electric charges of the same magnitude and 
sign produce an electric field. What is the field strength at 
the midpoint of the straight line connecting the conductors? 

9.33. The electric field strength at a given point is 
300 V/m. What does this mean? : 

9.34. Determine the electric field strength at a point 
where a force of 5 mN acts on a charge of 0.7 x 10-5 C. 

9.35. What is the force exerted by an electric field on 
a charge of 3.2 x 10-8 C at a point where the field strength 
is 500 V/m? 

9.36. The electric field strength near the surface of the 
Earth before a stroke of lightning is 2 x 105 V/m. What is 
the force exerted by the field on an electron? 

9.37. An electric field is produced in vacuum by a point 
charge of 7.5 x 10-8 C. Determine the field strength 15 cm 
away from the charge. 

9.38. A point charge of 2.2 nC produces a field with 
a strength of 2.5 kV/m at 6.0 cm from the charge. Determine 
the permittivity of the medium. 

9.39. A vessel of kerosene contains a conducting sphere 
with a negligibly small size and a charge of 8.0 x 10-5 C 
Determine the electric field stren 
What will be the change in the field strength at this point 
if the kerosene is let out of the vessel? 

9.40. The electric field strength 5.0 cm from a charge is 
1.5 x 10$ V/m. What is the electric field strength 10.0 cm 
from the charge? Determine the magnitude of the charge. 

9.41. How many excess electrons are contained on a dust 
particle acted upon by a force of 2.4 x 10-19 № in an electric 
field of strength 1.5 x 405 V/m? 

9.42. An electric field is produced by a point charge. 
What are the loci of the points where the magnitude of the 
electric field Strength is the 

9.43. Will an 


А Е iform if a conducting 
Sphere is placed in it? 


gth 5.0 cm from the charge. 
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9.45. Two conducting spheres having diameters of 10.0 
and 4.0 cm are 120.0 cm apart and bear charges of 3.0 x 
10-? and 2.0 x 10-8 C respectively. Determine the electric 
field strength at the midpoint O of the straight line con- 
necting the spheres (Fig. 19). 

9.46. Two like electric charges of 7.0 х 10-8 C each are at 
points А and В (Fig. 20). Determine the electric field 


8 

0 

R 
A 
60 60 
== 4 
0 a 
Fig. 19 Fig. 20 Fig. 24 


strength at point O which is the apex of the right angle AOB; 
АО = ВО = 5.0 см. 

9.47. Determine the electric field strength of the field at 
a point three radii from tho surface of a charged conducting 
sphere. The surface charge density on the sphere is 1.6 х 
10-7 C/m?. 

9.48. A conducting sphere of radius 7? is electrostatically 
charged to a surface density о. What will be the field strength 
(a) at the centre of the sphere, (b) at half the radius of the 
sphere, (c) on the surface of the sphere? 

9.49. A drop bearing a charge of 2 X 10-* C is in equi- 
librium in a uniform electric field of strength 49 V/m. Deter- 
mine the mass of the drop. 

9.50. With what acceleration will a 10-g ball with charge 
4.0 x 10-5 C fall in the electric field of the Earth? The elec- 
tric field strength near the surface of the Earth is 130 V/m. 

9.51. A thin conducting ring of radius R has an electric 
charge Q. Determine the electric field strength at the cen- 
tre O of the ring and at point A (Fig. 21). 

9.52. Why is the uniformity of the electric field of a 
charged parallel-plate capacitor violated if an uncharged 
metal sphere is placed between its plates? 
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Electric poteniial. Potential difference. Work done in an 
electric field 


9.53. Considering the Earth to be a sphere of radius 
6400 km, determine its electric charge and potential if the 
electric field strength produced by the Earth near the surface 
is 130 V/m. 

9.54. 'The work done in displacing a 2.0 х 10-8-С charge 
from infinity to a point in a field is 1.13 х 10-4 J. What is 
the electric potential at this point? 

9.55. Determine the potential difference between two 
points in a field if a work of 3.0 x 105° J has to be done in 
moving an 8.0 х 10-7-С charge between these points. 

9.56. An electric field moves a positive charge of 3.0 x 
10-7 С between two points with potentials 200 V and 1200 V. 
What is the work done by the field in this case? 

9.57. An electric field is produced by a point charge of 
4 x 10-5 C. What is the electric potential 6 cm away from 
this charge? What work must be done against the field in 
order to bring a positive charge of 1 C from infinity to 
this point? 

9.58. Two point electric charges of 1.0 х 10-5 and 6.0 x 
10-6 C are 20 cm apart in air. Determine the electric poten- 
tial at the midpoint of the straight line connecting the 
charges. 

9.59. A 1.6 x 10-7-C charge is moved 3.0 cm along a field 
line in a uniform electric field having a strength of 5.0 x 
10? V/m. Determine the work done and the potential differ- 
ence for two points between which the charge is moved. 

9.60. As an electron passes between two points in an 
electric field, its velocity increases from 2.0 x 10° to 3.0 x 
107 m/s. What is the potential difference between these 
points? What is the increase in the kinetic energy of the 
electron? 

9.61. Two 8-nC charges are located at two apexes of 
an equilateral triangle having a side of 6.0 cm. Determine the 
field strength and the potential at the third apex. 

9.62. Two conducting spheres of radii 2.0 and 3.0 cm are 
charged io 30 and 40 V respectively. What will be the elec- 
tric potential of the spheres after they have been connected 
by a wire? Assume that the separation between the spheres 
is large compared to their radii. 
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9.63. An electron having a velocity of 6.0 x 107 m/s 
flies into a parallel-plate air capacitor midway between the 
plates. What must the voltage across the plates be for the 
deviation of the electron to be maximum? The plates are 
10.0 em long and 3.0 ст apart. 

9.64. An electron with a velocity of 1.6 x 109 m/s flies 
into a uniform electric field of strength 90 V/m and moves 
along a field line until it comes to a halt. How long and 
how far does it fly in the field? Assume that the electron 
mass is 9.0 x 10-21 kg. 


Capacitance. Capacitors. The electrical energy in a 
capacitor 


9.65. Can the potential of a charged conductor be 
changed without changing its charge? | 

9.66. А parallel-plate air capacitor of capacitance C is 
immersed in a medium with a permittivity of 2. What will 
the capacitance of the capacitor be? j 

9.67. The capacitance of a spherical conductor is propor- 
tional to its radius. What must the radius of a conducting 
sphere he for its capacitance in vacuum to be 4 F? What is 
the ratio between the radius of such a sphere and the Earth’s 
radius? 

9.68. A parallel-plate air capacitor is connected to a con- 
stant-voltage source. What will be the change in the capaci- 
tance and the energy of the capacitor, the voltage acroés 
it, and the charge on the capacitor plates if the separation 
between the plates is reduced? А э 

9.69. Determine the capacitance of an isolated conducting 
Sphere of radius 5.0 ст immersed in kerosene. Express the 
answer in farads, microfarads, and picofarads. А 

9.70. Assuming the Earth to be a sphere of radius 6400 km, 
determine its capacitance. р 

9.71. An isolated conducting sphere whose capacitance 
is 5.0 pF is electrostatically charged to a potential of 1570 V. 
Determine the radius of the sphere and the surface charge 
density on it. 

.9.72. Why do electrolytic capacitors have a large capa- 
Citance? 
9.73. Two conducting spheres having a charge of 1.0 x 
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1075 C each are arranged a long way apart. The capacitance 
of the larger sphere is 2.2 х 10-!! Е, and that of the smaller 
sphere is 5.6 х 10-1? Е. What are their potentials? What. 
will happen when they are connected by a conductor? : 

9.74. Calculate the capacitance of a parallel-plate capaci- 
tor made from tin foil plates 15 cm? in area with a mica 
dielectric layer 0.8 mm thick. The permittivity of mica 
is g — 6. 

9:75. А parallel-plate air capacitor consists of two plates 
100 ст? each in area. When a charge of 6.0 x 10-* С is trans- 
ferred to one of the plates, the capacitor is charged to a vol- 
tage of 120 V. Determine the separation between the plates. 

9.76. The plates of a parallel-plate air capacitor have an 
area of 62.3 cm* each and their separation is5 mm. Determine 
the charge of the capacitor if the potential difference across 
its plates is 60 V. 

9.77. The separation between the plates of a parallel- 
plate air capacitor is 0.1 cm and the area of each plate is 
200 cm?. The potential difference across the plates is 600 V. 
What charge is stored in the capacitor? What will be the 
change in the voltage if the space hetween the plates is 
filled with mica, whose permittivity is 6? 

9.78. А parallel-plate air capacitor with a plate separa- 
tion of 1.5 mm is charged to a voltage of 150 V. How far 
apart should the plates be moved in order to increase the 
voltage to 600 V? 

9.79. Determine the capacitance of a capacitor in which 
nine mica plates having a thickness of 0.12 mm and an area 
of 12.56 ст? are interleaved between tin foil plates. The 
permittivity ¢ of mica is 6. 

9.80. Determine the energy of a parallel-plate paper ca- 
pacitor with a plate area of 600 cm?. The charge on the 


capacitor is 2 x 10-? C and the dielectric is wax paper 
2.0 mm thick. 


9.81. Three ca 


6 uF are connected to form a bank and to a constant-voltage 
source of 200 V. Determine the capacitance and the energy 


of the bank when the capacitors are connected (1) in series 
and (2) in parallel. 
9.82 


-82. Determine the capacitance of a capacitor bank 
Connected as shown in 


Fig. 22 И C, — 1.2 uF and C, = 
Cs = 0.6. uF. TA EH I EUN 


pacitors whose capacitances are 4, 2, and 
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9.83. Determine the capacitance of a bank of capacitors 
connected as shown in Fig. 23. The capacitance of all the 
capacitors is the same and equal to 0.6 uF. Determine the 
electric charge stored in the bank if a voltage of 100 V is 
applied to it. 

9.84. Capacitors are connected as shown in Fig. 24. 
Given: C, = С, = 2 pF, Сз = С. = C; = 6 uF. Determine 


B 
G G 
o—] GG 
E нЕ 
G 
Fig. 22 Fig. 23 


the potential difference between points A and B if the 
energy stored in the bank is 1.35 x 0ER 

9.85. An uncharged 100-рЕ capacitor is connected in 
parallel to a 50-uF capacitor charged to a voltage of 300 V. 


6 
G б 
T H | F 
HH 
£y cs @ 
Fig. 24 Fig. 25 


What is the voltage across the capacitors? What is the 
charge distribution between them? 

9.86. After a capacitor having an unknown capacitance 
and charged to а voltage of 600 V is connected in parallel 
to an uncharged 5-uF capacitor, the voltage across the bank 
drops to 100 V. What is the capacitance of the first capacitor? 

9.87. Two capacitors having different capacitances are 
connected in parallel and to a constant-voltage source. Which 
of the capacitors will accumulate more energy? — 

9.88. А pulsed flash for photography is obtained by 
discharging a 800-yF capacitor for 2.8 ms at a voltage of 
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300 V across the capacitor. Determine the energy of the 
flash and the mean power. 

9.89. Three capacitors are connected to make a bank as 
shown in Fig. 25 and then to a 200-V constant-voltage 
source. Determine the capacitance of capacitor C, and its 
charge if the capacitance of the bank is C = 6 uF and the 
capacitances of the remaining capacitors are С, = 2 uF and 
Cz = 3 pF. 

9.90. The force with which the plates of a parallel-plate 
capacitor attract each other is determined from the formula 
Е = Q"/(2e,eS). Is the energy required to move the plates 
apart higher (1) when the capacitor remains connected to 
the source or (2) when it has been charged and then before 
the plates are moved apart disconnected from the source? 

9.91. A spherical capacitor consists of two conducting 
concentric hollow spheres. If the difference between the radii 
of the spheres is small, the capacitance of the capacitor can 
be calculated using the formula for a parallel-plate capaci- 
tor. Write this formula in a general form and determine the 
capacitance of an air capacitor formed by spheres of radii 
5.00 and 4.95 em. 

9.92. Determine the volume energy density of the uniform 
electric field in a mica capacitor charged to a voltage of 
90 V. The separation between the plates is 1.0 mm, and the 
permittivity of mica should be taken to be 6. 


$ 16. ELECTRIC CURRENT IN METALS. OHM'S LAW. 
ELECTRIC RESISTANCE 


Basie Concepts and Formulas 


An electric current is an ordered (directional) motion of 
charged particles (in metals, these particles are free electrons). 

The current / in a conductor is the amount of electricity Q 
flowing per second through a cross section of the conductor: 


I = Qlt, or Г = envS, 
where n is the num 
the mean velocity 
area of the conduc 
unit being the amp 
to be opposite to 


ber density of the Charge carriers (e), v is 
of the charges, and S the cross-sectional 
tor. Current is а base quantity in SI, its 
ere (A). The direction of current is assumed 
the direction of motion of electrons. 
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Iu order to create a direct current in metals, an electric 
field must act on the free electrons. The field must ensure 
a constant potential difference across the ends of the conduc- 
tor (circuit). In a current source, the extraneous forces pro- 
duce an excess of electrons at the negative terminal and an 
electron shortage at the positive terminal. In other words, 
a potential difference is created. Each current source is 
characterized by an electromotive force (emf) € which is 
equal to the work done by extraneous forces in moving 
a positive charge of 1 C along the circuit: 


Є = A ext/Q. 


The emf unit is the volt (V). 
Ohm's law for a conductor establishes a relation between 


the current flowing in it and the voltage across its ends: 
1 
1 = 0, 


where the proportionality factor 1/R is called the electric 
conductance and R the electric resistance of the conductor. 
The unit of resistance is the ohm (Q). 
The resistance of a conductor depends on its size, material, 
and temperature: 


R=py: R, = R, (14241), 


where p is the resistivity in Q- m, and « is the temperature 
resistance coefficient in K-*: 
es 
— АГ” 


For metal conductors, % is positive. At temperatures 
close to absolute zero, superconductivity is observed for 
Some conductors. This is a state in which the resistance 
abruptly drops to zero. 

Ohm's law for a circuit est 
the current, electromotive force, an 
the circuit: 


ablishes a relation between 
d the total resistance of 


E 
I— яту’ 


rr 


where R and r are the resistances of the external part of the 
circuit and of the current source. 
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The voltage U across the terminals of a current source 
with a closed circuit is smaller than the emf by the voltage 
drop within the source itself: 


U = € — Ir. 


Short circuiting is observed when the resistance of the 
external part of the circuit is negligibly small, while the 
current attains its maximum value. Using Ohm’s law for 
a closed circuit, we can determine the current during short 
circuiting: 

Taine = lr. 


Individual parts of a ci 
in series or in parallel. 

For a connection in series, the resistors 
after another so that the curr 
same, while the total, or equi 
is given by 


rcuit (resistors) can be connected 


are connected one 
ent in all the subcircuits is the 
valent, resistance of the circuit 


Ror = В, + В, Tee th dfe 
If R = В, =... = В, = А, we have 
Вер = Rn. 


The voltage drop for а Series connection is 


proportional 
to the resistances: 


U; 
U, 
For a connection in parallel, 


parallel branches is the same, w 
is determined by its resistance: 


m 
— 


the voltage across all the 
hile the current in а branch 


dud 
І, T Ry Е 
The total, or equivalent, resistance is then given by the 
formula 
1 1 1 1 
pa eae INS Te: ug 
Roar Rt Ree ЕВЕ 
HR = А, R, = В, we have 
1 R 
Ta RO OF Ha ——. 


n 
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То measure the current, an ammeter is connected in series 
to the circuit. The resistance of the instrument should be 
very low. Inorder to change the value of a scale division on 
the ammeter, a bypass (shunt) resistor Азь is connected in 
parallel with the instrument. The resistance of the shunt is 
lower than the resistance of the ammeter by a factor of n —1: 


ВА 
К = n—1' 


where n is the number by which the scale of the instrument 
is multiplied (Fig. 26). Е У 

То measure voltage, a voltmeter is connected in parallel 
to the region of the circuit across which the voltage is being 


ily 


Rsa Re 


Fig. 26 Fig. 27 


measured. The resistance of the voltmeter must be very high. 
If the voltage to be measured exceeds the range of a voltme- 
ter, a multiplying coil (series resistor) H, is connected in 
Series with the instrument (Fig. 27): 


R, = Ry (п — 1). 


where n is the number by which the range of the voltmeter is 
increased, and Ry is the resistance of the voltmeter. 
Sources of electric power (current sources) can be connect- 
ed to form batteries. For a series connection, the positive 
terminal of the first source is connected to the negative ter- 
minal of the second source, and so on. The current in this 


Case is 
né 


— иг, 


Д 


where n is the number of identical curent sources in the 


battery. 
For a parallel connec 
Connected in one junction an 


nnection, all the positive terminals are 
d the negative terminals form 
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the other junction. The current in such a battery is 


fenem 


R+rjn* 


While solving problems in which Ohm's law is applied 
to branched circuits, it is necessary 

(1) to choose arbitrarily the directions of the currents 
and the direction of circumvention of subcircuits and indi- 
cate them on a circuit diagram; 

(2) to write equations for the currents at the junctions, 
the number of equations being one less than the number of 
junctions, the algebraic sum of currents at a junction is 
always equal to zero if the currents flowing to a junction 
and from it are taken with opposite signs; and 

(3) to write the equations for all the closed subcircuits 
considering that the algebraic sum of emf's in any closed 
subcircuit is equal to the algebraic sum of the voltage drops; 
ifthe potentialincreases in the direction of circumvention 
(we move from "minus" to "plus"), the emf is assumed to be 
positive, otherwise, the emf is assumed to be negative. 

The voltage drop is assumed to be positive if the direction 
of the current coincides with the chosen direction of circum- 
vention; otherwise, it is taken with the minus sign. The 


total number of equations must be equal to the number of 
unknowns. 


Worked Problems 


Problem 54. A voltage of 3.6 V is applied to the ends of 
à steel conductor 20 m long. Determine the mean velocity 
of ordered motion of the charge carriers in the conductor if 
their number density is 4.0 x 1028 m-3, 


Given: U — 3.6 V is the voltage drop across the conductor, 
п = 4.0 x 10% m-3j 


А $ the number density of mobile charge 
Carriers, and 1 = 20 m is the length of the conductor. From 
tables, we find. the electron charge e = 1.6 x 10-1 C and 
the resistivity of steel, р = 1.2 x 107? 9. m. 

Find: the mean velocity v of the charge carriers. 

Solution. The mobile charge carriers in metals are free, or 
conduction, electrons. Consequently, we must find the mean 
velocity v of the ordered motion of free electrons. 
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In the electron theory of conductivity, Ohm's law is for- 
mulated as follows: J = envS, whence 


I 
enS * 


The current can be determined from the formula J = U/R, 
where R should be expressed in terms of the length and the 
cross-sectional area: R = pl/S. Substituting the expression 
for current into the formula for velocity, we obtain 


ТР = 
plenS ^ plen ° 


ES 3.6 V 
iem 1.2x107 Q-m X 20 m X 1.6 10719 Cx 4.0 1025m7? 


e 2.343 x 10-4 m/s. 


Answer. The mean velocity of ordered motion of the free 
electrons is approximately 0.23 mm/s. 

Problem 55. A telegram is sent from Leningrad to Moscow 
(the distance between the cities is 650 km) via a steel tele- 
graph line carrying a current of 1.7 
mA at a voltage of 150 V. The cross- 
sectional area of the wire is 5.0 mm". 
Determine the voltage drop in the 
wires and the voltage at the receiving 
end (Fig. 28). 

Given: 1 = 6.5 x 105 m is the dis- 1 
tance between Leningrad and Moscow, Fig. 28 
I = 1710-3 A is the current in the 
wires, U, — 150 V is the voltage at the beginning of the 
transmission line, and $ — 5 X 10-5 m? is the cross-sec- 
tional area of the wire. From tables, we find the resistivity 


of steel, p = 1.2 x 1077 Q-m. 
Find: the voltage drop Uy in the wires and the voltage U, 


at the end of the line. у 
Solution. The length of the wire forming the electric cir- 


cuit (which must be closed) is twice the distance between 
the cities. 
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The voltage drop in the wires is Uy = IR, where 
Ry =p 2. Then 
21 
Uy= Ip, 
1.7% 10-3 AX1.2%10-72-m x 26.5108 m 5:58 V. 
ite 5x1075 m? ana YS 


The voltage at the end of the transmission line is 
О, = U,—Uy, U, = 150 V — 53 V = 97 V. 


Answer. The voltage drop in the wires is approximately 
53 V, and the voltage at the end of the line is 97 V. 

Problem 56. What is the change in the resistance of a tele- 
graph line due to the change from winter lemperatures to 
summer temperatures if the line is made from a steel wire 
having a cross-sectional area of 5.0 mm?? The temperature 
changes from —30 to --30°С. The length of the wire at 0°С 
is 200 km. The linear expansion of the wire should be neg- 


lected. 
Given: S — 5.0 x 10-8 m? is the cross-sectional area of 
the wire, 4, = —30°C is the winter temperature, t, = 


+30°C is the summer temperature, and Г = 2.0 x 
10° m is the length of the wire. From tables, we find the resis- 
tivity of steel at 0°C, p, = 1.2 x 10-7Q-m, and the tem- 
perature resistance coefficient for steel, œ = 0.004 K-1, 

Find: the change AR in the resistance of the telegraph line 
due to the seasonal change in temperature. 

Solution. The resistance of the line at 0°C is Ry = 001/8, 
while the resistances at ti and t, аге Ry = Po i (1 ++ ав) 
and Ry = рый ae at 


2). The change in the resistance is 
given hy 


AR= Ba—Ry AR ро 4 ap) i 


о ДЕ 
= fij T (ly — ty) 
te values 9 


Since the absolu Г s 
we can Wiig » temperatures are equal 


GA = ЕЯ \), 
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AR = po 20, 
= 2.0x 105 T 
AR =1.2 x 107 Q-m sz X 2x 0.004 K= x 30K 
е 1.2 КО. 


Answer. The resistance of the wire has increased by about 
1.2 kQ as a result of the change from winter to summer tem- 


peratures. 
Problem 57. Calculate the resistance of the circuit in 
Fig. 29a. 


Given: the resistances В, = 62, А, = 59, А, = 49, 
В. = 12 Q, and Д, = 8 Q of the resistors. 

Find: the total (equivalent) resistance Л of the circuit. 

Solution. While solving problems where loads are con- 
nected in series and in parallel, it is expedient to replace 


(a) 


Fig. 29 


a branched circuit by equivalent circuits as shown in 


Figs. 29b-e. А р 
Since resistors R, and R4 are connected in parallel, their 
equivalent resistance is 


RR; LÁA9x129. 39 
Ri= ppf; 129-129 


(Fig. 29b). mew" Р 
Resistors В, and В. аге connected in series, and their 
е і e = 50 + 


dh As 


equivalent resistance 15 Аи 2 
Q = 8 Q (Fig. 29c). 
8—0530 
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Resistors H;, and R; are connected in parallel, and hence 
their equivalent resistance is 


Rik 89х89 
Вит THER Hn 8018949 
(Fig. 29d). 


Resistance R,,, can be determined in a different way: 
Ва = R,,/2 =4 9 


The required resistance R is 
В= В +В, R—69--49—109 


(Fig. 29e). 

Answer. The total resistance of the circuit is 10 Q. 

Problem 58. When a current source with an emf of 4.2 V is 
connected to a nickeline wire 10 m long and having a diam- 
eter of 1.0 mm, the current in the circuit is 0.6 А. Deter- 
mine the internal resistance of the current source. 

Given: the emf € = 4.2 V of the current source, l = 
10 m is the length of the nickeline wire, d = 1.0 x 10-3 m 
is the diameter of the wire cross section, and J = 0.6 A is 
thecurrent in the circuit. From tables, we find the resistivity 
of nickeline, р = 4.2 x 10-7 О.т. 

Find: the internal resistance r of the current source. 


Solution. We shall solve the problem by using Ohm's law 
for a closed circuit: 


T= 


R+r’ 


whence 
r= 8 — R. 


The external resistance В can be determined from the for- 
mula В = pl/S. Considering that 5 = zd?/A, we obtain 


— 401 _ 4x42x1070.mx10m 
R ad? 7o 314x10X10- m don 


Then 


Answer. 
is 1.6 Q, 

Problem 50 A ls 
internal : 9 (огу of " ni. gV and a 
"tang qp pe an oto a cire 


The int 
e internal PhiL anon of the enrront souree 
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consisting of four resistors R, = 1.0 Q, В, = 3.0 Q, В, = 
1.5 Q, and R, = 0.75 Q connected as shown in Fig. 30а. 
Determine the current in the unbranched subcircuit and 
the voltage drop in the battery. 

Given: € = 3 V is the emf of the battery, г = 0.25 Q is 
the internal resistance of the battery, and А, = 1.00, 
R, = 3.00, R, = 1.50, and R, = 0.75Q are the resist- 
ances of the resistors. 

Find: the current J in the circuit and the voltage drop 
Unt in the battery. 

Solution. We shall solve the problem with the help of 
Ohm's law for a closed circuit: J = €/(R + r). Therefore, 


Q hry 


и 


(0) 


T 
4 
a 


Fig. 30 


we must determine the external resistance R. For simplicity, 
we represent the circuit as shown in Fig. 30b. It is clear 
from the circuit diagram that the resistors R, and R, are 
connected in parallel. Their equivalent resistance R, 
can be found from the formula 
Р.Е, 100х309 _ 9759. 
Я: = Rahs ‚ Rt=T 9943.09 0.759 
The subcircuit with resistance R, and resistor R4 аге con- 
nected in series. Their equivalent resistance Ви can be de- 
lermined as follows: 
Ry, = В, - В, Ви = 0.75 9 + 0.75 Q = 1.5 Q. 
Resistances А: and Аз can be replaced by an equivalent 
resistance R which can be determined from the rules gov- 
erning parallel connection of loads. Since these resistances 
are equal, we have 


R = В, = 0.15 9. 


8a 
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The current in the unbranched circuit is 


3.0 V 
Pes "3500358 =ЗА. 
The voltage drop in the current source can be determined 
from Ohm’s law for a conductor: 


Ом = Ir, И = 3 А х 0.25 Q = 0.75 V. 


Answer. The current in the unbranched circuit is 3 A and 
the voltage drop in the current source is 0.75 V. 

Probiem 60. A galvanometer with an internal resistance of 
19.8 Q can be used to measure currents up to 10 mA. What 
must be done to extend its range to 1.0 A? How can it be 
used to measure voltages up to 10 V? 

Given: В, = 19.8 Q is the resistance of the galvanometer, 
Ig = 0.01 A is the current through the galvanometer, / — 
1.0 A is the current in the circuit, and U — 40 V is the 
voltage to be measured. 

Find: the resistance of the shunt Rsn and the resistance 
R, of the series resistor. 

Solution. If a galvanometer is used as an ammeter (in this 
Case it is connected in series to a circuit), a shunt (resistor) 
Ha, is connected in parallel to it as shown in Fig. 26. The 
resistance of the shunt can be calculated by using the rules 
of parallel connection: 


R I R I—I 
Ig = 1—1, EB 5B [4 E 


Nx = jh 
Hs Tg’ Ron Iud 
I 
where my 
R B 
Вы = 78, RaQ-4958, 959. 


If a galvanometer is used as a voltmeter (in this case it is 
connected in parallel to the Subcircuit in which the voltage 
drop U has to be measured), a resistor R, is connected in 
Series to it as shown in Fig. 27. 

The voltage drop U is distributed in proportion to the 
Tesistances А, and R,: 

U—U; № U 
Ug Re’ Ug Rg’ 


В, = (n— 1) Ry, where n 
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DHL MEE У 50 
— 001АХ1980 °° 


П. = 49 х 19.80 ~ 9700. 


Answer. In order to measure current, the galvanometer 
must be shunted by a resistor with Rg, = 0.2 Q. To measure 
voltage, a series resistor with re- 
sistance R, > 970 Q should be 
connected to the galvanometer. 

Problem 61. How should two gal- 
vanic cells having an emf of 1.45 V 
each and an internal resistance of 
0.4 О each be connected in order to 
obtain the maximum current when 
the circuit is closed with an exter- 
nal resistance of 0.65 Q? 

Given: n — 2 is the number of 
cells in the battery, & = 1.45 V is 
the emf of а cell, г = 0.4 © is the 
internal resistance of a cell, and К = 0.65 Q is the resist- 
ance of the external circuit. 

Find: Iser, the current for the series connection aud the 
current Гас for the parallel connection of the cells. 

Solution. In order to find out which is the best way to 
connect the circuit, we determine the currents for the cells 
in series and in parallel and compare them: 


пб " 2x1.45 V 
Га = раг * Teor = O65 Q-+2X04Q =2А, 
8 [45V «АА, 


Ipar рт ^ ег = 0859-4. 0402 


Answer. It is better to connect the cells in series. 

Problem 62. The circuit shown in Fig. 31 contains three re- 
sistors Д, = 100 Q, Д, = 50 Q, and R, = 20 Q and gal- 
vanic cells with emf’sé, = 2 V and £,. The ammeter indi- 
cates а current of 50 mA. Determine the currents in the re- 
sistors and the emf of the second cell. The internal resist- 
ance of the ammeter and of the cells should be neglected. 

Given; В, = 100 Q, В, = 50 О, and А, = 20 Q are the 


resistances of the resistors, & — 2 У is the emf of the 


first cell, Г. = 0.05 А is the reading of the ammeter. 


118 Ch. II. Fundamentals of Electrodynamics 


Find: the currents J,, Ja, and J, in the resistors and the 
emf €, of the second cell. 

Solution. We choose the direction of the current arbitrarily 
and indicate it by arrows on the circuit diagram. Since the 
algebraic sum of the currents flowing to and from a junction 
is zero (Kirchhoff’s first rule), we can write ,-I,—I,= 
0, whence 

I, I,— IH. (1) 
The current indicated by the ammeter is ГА m. 

Let us go around the circuit clockwise and indicate this 

direction on the circuit diagram. 


Since the algebraic sum of voltages in a closed circuit is 


equal to the algebraic sum of emf's (Kirchhofi's second rule), 
we can write 


for the circuit ABCDFA 
— I, І.В = — ĉn or IR, t Г.В, = €, (2) 
for the circuit AFMNA 


LR, + IR, = €,. (3) 
We determine Z, from Eq.(1) and substitute it into Eq.(2): 
l = Г. Ts Gs + Г.) В, + IR: = 6. 
This gives 


161—131 _ 2У— 0.05 Ах10 Я 5 
ft Hoa * = mapon = 0.02 А. 


Тве minus sign indicates that the current Г, flows in the op- 
posite direction to that indicated on ihe diagram. 
The current is 


T, =I; +1, = 0.05 A — 0.02 A = 0.03 A. 
Substituting J, into Eq. (3), we obtain ё,: 
€, = 0.03 Ах100 Q + 0.05 А x 20 9 = 4 V. 


Answer. The currenis in resistors R 


0.03, —0.02, and 0.05 A respectively, 
cell is 4 V, 


1 Ay, and В. are 
the emf of the second 
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Questions and Problems 


Current. Resistance. Ohm's law for a conductor 


10.1. The anode current in a vacuum tube is 12 mA. How 
many electrons arrive at the anode per second? 

10.2. How many electrons pass through the cross section of 
the contact wire of a tram in 2 s if the current is 500 A? 

10.3. Determine the current in the contact copper wire of 
a trolleybus circuit if the number density of conduction 
electrons in copper is 3 х 10° ст-3, and the mean velocity 
of their ordered motion is 0.25 mm/s. The cross-sectional 
area of the wire is 85 mm’. 

10.4. Determine the number density of conduction elec- 
trons in copper if the current in a copper wire with a cross- 
sectional area of 105 mm? is 500 A, and the mean velocity of 
the ordered motion of conduction electrons is 0.1 mm/s. 

10.5. A voltage of 18 V is applied across the ends of a cop- 
per wire 200 m long. Determine the mean velocity of the 
ordered motion of electrons in the conductor if the number 
density of conduction electrons in it is 3.0 x 10? ст-3. 

10.6. What is the electric field strength in an aluminium 
wire of cross-sectional area 6 mm? for а current of 9 A if the 
potential difference between the ends of the wire is 21 V, 
the mobility of conduction electrons in aluminium is 7 X 
10-3 m?/(V.s), and the electron number density in it is 
3.7 x 102 cm-?? How long is the conductor? 

10.7. The coil of a hot plate carries a current of 2.7 А 
with an electric field strength of 3.1 V/m. Determine the 
mobility of the conduction electrons if their number density 
in the coil is 1023 ст-3, and the cross-sectional area of the 
wire is 0.10 mm?. 

10.8. Determine the current density in a conductor if 
0.15 C of electricity pass per second through a cross-sectional 
area of 6 mm*. Is the admissible current density important 
when choosing the wire for a residential building? 

10.9. A constant current of 3.6 mA is maintained when 
gold plating an article 1.2 x 15 сш? in area. Determine 
the current density. 

10.10. What must the diameter of a copper wire be if it 
is to carry a current of 1000 A and the admissible current 


density is 2.5 A/mm?? 
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10.11. Determine the current density in the excitation 
winding of the traction motor of a locomotive if the cross- 
sectional area of the winding is 4.7 x 25 mm? and the 
nominal current is 725 A. 

10.12. What is the resistance of an aluminium wire 2 m 
long and having a cross-sectional area of 1 mm?? What 
will the resistance of the same length of wire with twice 
the cross-sectional area be? 

10.13. Two wires, one of nickeline and the other of nich- 
rome, have the same length and diameter. Which of them 
has a higher resistance? What is the ratio between their 
resistances? 

10.14. An iron wire and a tungsten wire of the same length 
and diameter are connected in turn to an accumulator. [n 
which wire will the current be Stronger? What is the ratio 
of the currents? 

10.15. A long conductor was cut into two halves which 
were then twisted along the whole length. How does the 
resistance of the wire change? 

10.16. Determine the capacitance of a capacitor the volt- 
age across whose plates is 1 V as a result of charging for 12 s 
with a current of 10-9 А. 

10.17. An electric circuit whose conductance is 2.4 x 
107? $ is connected to a d.c. source of 50 V. Determine the 
current in the circuit and its resistance, 

10.18. Determine the length of a manganin wire required 
to make a potentiometer rated at a maximum resistance of 
1500 Q if the diameter of the wire is 0.3 mm. 

10.19. A potentiometer is made of 2.25 m of constantan 
wire having a diameter of 0.15 mm. Determine the resistance 
of the potentiometer. 


10.20. A bundle of copper wire having a mass of 3.6 kg 
has à resistance of 22.5 O. Determine the length of the 
wire in the bundle. 


10.21. А coil made of 75 m of constantan wire whose di- 
ameter is 0.1 mm is connected to 


à current source supplying 

a voltage of 12 V. Determine the current in the coil. 
10.22. Pre. current density of the wiring in 
а room is 6 A/mm?, What is the voltage drop i er 
wire if its length is 30 m? E a 


А 10.23. Determine the voltage drop and the current density 
in the winding of the magnetic pole of a locomotive motor. 
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The winding is made of copper strip having a cross-sectional 
area of 28 x 4.7 mm’, the average length of a turn being 
1.5 m, and the number of turns is 40. The current in the 
winding is 352 A. 

10.24. An electric appliance is 0.5 km from a current 
source and is connected to it through a wire haying a cross- 
sectional area of 5 mm?. The appliance is moved 1 km further 
away from the source. What should the cross-sectional area 
of the wire be for the voltage drop to remain unchanged? 

10.25. How much copper is required to manufacture the 
contact wire of a tram circuit having a resistance of 0.2 Q if 
the cross-sectional area of the wire is 85 mm?? 

10.26. Determine the resistance of 1 km of tram steel rails 
if the mass of the rails is 55 kg/m. 

10.27. Two wires, one of copper and one of nichrome, of 
the same length and diameter are heated through 5 K. The 
resistance of which wire changes more? What is the ratio of 
the resistances? 

10.28. The series resistance connected to the ignition coil 
of a “Moskvich” motor car is 1.35 Q at 293 К and 2 Q at 
373 K. Determine the material of which it is made. 

10.29. The starter rheostat of an electric train is made of 
a cast iron plate and a ferro-aluminium high-resistance rib- 
bon alloy. Its resistance is 4 © at 298 К. What will the 
change in its resistance be when the temperature is 723 К? 

10.30. What must the temperature resistance coefficient 
of the material used for potentiometers be? 

10.31. The tungsten filament of an incandescent lamp has 
a resistance of 20 О when cold. What will its operating re- 
sistance be, i.e. when the filament is heated to 2100*C? 

10.32. What is the increase in the temperature of the cop- 
per winding of a d.c. motor armature as a result of pro- 
longed operation during which the resistance has increased 
from 2 to 2.2 Q? 

10.33. An electric arc rated for a voltage of 45 V and 
a current of 10 A is connected to a circuit at a voltage of 
110 V. Determine the required resistance of the series re- 
sistor if the resistance of the leads is 0.5 Q. 

10.34. What is the increase in the temperature of a poten- 
tiometer made of iron wire if its resistance has doubled? 

10.35. The voltage at an electric substation is 600 V 
(Fig. 32). The two copper cables АВ and CD connecting the 
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substation with a trolleybus' contacts are each 440 m long 
and 400 mm? in cross-sectional area. The contact wires are 
made of copper and have a cross-sectional area of 85 mm?. 
The current in the trolleybus motor is 200 A. Determine the 
voltage across the current collectors of the trolley. 

10.36. The experimental d.c. transmission line between 
Kashira and Moscow operates at a voltage of 200 kV and 


440m | 


Substation 


Fig. 32 


is made of a single-core aluminium cable 112 km long. De- 
termine the cross-sectional area of the cable if the voltage 
drop in it is 3.1% of the nominal value at a current of 150 А. 
10.37. A d.c. transmission line under a voltage of 1500 kV 
is 2500 km long. What will the voltage at the end of the 
line be if it is made of an alu- 
minium wire with а cross- 
sectional area of 600 mm?? The 
admissible current load in the 
wire is 1070 A. 
10.38. Which of the amme- 
Fig. 33 ters in Fig. 33 will show a 
higher reading? What will the 
change in the resistance of the circuit be when bulb В, 
fuses? Will the reading of ammeters A, and A, changein 
this case? о 
10.39. The starter rheostat of a railway engine consists of 
80 plates having a resistance of 0.05 © each and connected 
in series. Determine the resistance of the starter rheostat. 
10.40. The armature winding of a traction motor consists 
of 132 sections connected in series in two parallel branches. 


The resistance of one section is 0.001 Q. Determine the 
resistance of the whole winding. 
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10.41. Determine the total resistance, the current, and the 
voltage distribution in a circuit (Fig. 34), if the applied 
voltage is 220 V. 

10.42. What series resistor should be connected to the 
heating element of an electric iron having a resistance 
В = 24 О and rated at a voltage of 120 V in order to use 
it at a voltage of 220 V? 

10.43. A circuit is constructed as shown in Fig. 34 and 


connected to a d.c. source of 120 V. It is known that Ry = 
0:57 


U-220V £75 


PEE 


Fig. 35 


Fig. 34 


бо, А, =15 Q, and = 5А. Determine the total re- 
sistance of the circuit and the resistance of resistor Rs. 

10.44. Figure 35 shows the excitation circuit for the trac- 
tion motor of a trolleybus. The resistances of the sections of 
the rheostatic controller аге Д; = 1040 Q, К, = 200 Q, 
R, = 90 Q, and R, = 10 Q. The resistance of the excitation 
winding is Rex = 160 Q. Determine the excitation current 
with one of the switches 1, 2, or 3 closed and without the 
switches. и 

10.45. The magnetic field in the motor of an electric loco- 
motive is produced by four series-connected windings. De- 
termine the resistance of the windings if the number of 
turns in one of them is 39, the average length of a turn is 
1.5 m, and the current in the windings is 352 A, the admis- 
sible current density being 2.7 A/mm?. 

10.46. How many equal pieces should a conductor of re- 
sistance 4 Q be cut into and how should these pieces be con- 
nected to obtain a resistance of 1 Q? 

10.47. What resistor should be connected in parallel to 
a resistor of 100 Q for their total resistance to be 200? 

10.48. Determine the total resistance of a lamp resistor, 
the current in the circuit and through each lamp if the re- 
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sistor contains 10 parallel-connected lamps having a re- 
sistance of 440 Q each, and the voltage applied is 
220 V. 

10.49. Three resistors of 1, 2, and 16 Q are connected in 
parallel to a d.c. source. The current in the unbranched cir- 
cuit is 5 A. Determine the total resistance of the circuit and 
the current through each resistor. 

10.50. When two conductors are connected in parallel, 
their equivalent resistance is 0.72 Q. The equivalent re- 
sistance for the same conduc- 
tors connected in series is 32. 
Determine the resistance of 
each conductor. 

10.51. Three incandescent 
lamps having a resistance of 
400 Q each are connected to a 
: circuit at a voltage of 220 V. 

Fig. 36 Determine the current passing 
through each lamp if they are connected in parallel and in 
series. Determine the total current in each case. 

10.52. Five resistors are connected as shown in Fig. 36. 
They are connected to a 12-V d.c. source. Determine the 
total resistance of the circuit and the current in resistors 
Ry Ra and В.. 

10.53. A circuit is formed as shown in Fig. 36. All the 
resistors have the same resistance of 1.2 Q. The current 
through the first resistor is 10 A. Determine the total re- 
sistance, the voltage across the terminals of the circuit, and 
the currents and voltages in each resistor. 

10.54. The filament of an incandescent lamp is heated to 
about 2200*C and fuses more often when it is being switched 
on than when it is being switched off. Why? What conclu- 
sions can be drawn from a comparison of the currents through 
ihe lamp in the two cases? The material of the filament is 
tungsten, 

10.55. Two resistors R, — 12 Q and R, are connected in 
parallel to a current source. Determine the resistance Д, 
and the current through it if the total current is 4 A and 
7 supplied to the resistors is 12 V. 

о. s the voltage across the current col- 
and ro!leybuses if the contact wire is made of copper 
as а cross-sectional area of 85 mm?. The lengths of the 


420 RIN 
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wires and the currents are indicated in Fig. 37. The generator 
voltage Ивс is 575 V. 

10.57. Determine the voltage drop across a railway track 
if an electric locomotive is 800 m from the cable connecting 


340m 770 m 770m | 


Е 
so 


Fig. 38 


the rails with the substation (Fig. 38). The cross-sectional 
area of the cable is 72 cm?. 

10.58. Figure 39 shows the circuit diagram of a starter 
rheostat consisting of three sections. Determine the re- 


Fig. 39 Fig. 40 


sistance of the rheostat for the following three positions: 
(a) switch Z is closed, (b) switch 2 is closed, (c) switches 7 
and 4 are closed, (d) switches 2 and 4 are closed, (e) switches 
1, 2, and 4 are closed, and (f) switches 2, 2, and 4 are closed. 

10.59. Determine the resistance of two sections of a starter 
rheostat if the resistance of a cast iron plate is 0.06 Q. The 
first section contains 10 such plates and the second 12 plates. 
The plates are connected as shown in Fig. 40. 
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10.60. Determine the resistance of a starter rheostat con- 
sisting of two series-connected sections. In the first section, 
22 coils are connected in two parallel groups, each of which 
contains 11 series-connected coils. In the second section, 

49 coils are connected into 
three parallel groups of 15 se- 
ries-connected coils each. The 
coils are made of ferro-alumin- 
ium — high-resistance alloy 
wire 1.6 т long and 3 mm in di- 
А ameter, 
SEAT 10.61. The lighting circuit 
of a tram car consisis oi two 
parallel groups each containing five series-connected bulbs. 
Determine the total current in the circuit and in the groups 
if the resistance of each bulb is 220 O and the voltage in the 
circuit is 550 У. 

10.62. Incandescent lamps, with a resistance of 440 Q 

each, are connected to a circuit at a voltage of 220 V as 


Ress R 


Fig. 42 Fig. 43 


shown in Fig. 41. Determine the total resistance of the lamps 
and the current and voltage in each lamp. 
10.63. What will the change in the voltageand current in 
the lamps (see Problem 10.62) be if one of the lamps fuses? 
‚ 10.64. The armature winding in a locomotive motor con- 
sists of 924 copper rods 1 m iong each. The rods are distrib- 
uted equally among four parallel branches (Fig. 42). De- 
termine the resistance of the armature winding for a current 
of 352 A, assuming that the current density is 5 A/mm?. 
10.65. Figure 43 presents a circuit diagram. The voltage 
U дв is 120 V. Determine the resistance of the circuit, the 
unbranched current, and the current in each resistor. 
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10.66. Figure 44 shows a circuit dia 
6 с gram. The voltage 
U ang is 220 V. Determine the total current and the ева 
in parallel branches. 

10.67. A current up to 50 A is to be measured with an 
ammeter whose scale is rated to 10 A. Determine the re- 


£729 
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Fig. 44 Fig. 45 


sistance of the shunt if the resistance of the ammeter is 
0.01 Q (see Fig. 26). 

10.68. An 0.18-Q ammeter indicates a current of 6 A. The 
ammeter has a shunt whose resistance is 0.02 9. Determine 
the current in the mains (see Fig. 26). 

10.69. A voltmeter with a scale from 0 to 150 V has to be 
used for measuring voltage from 0 to 250 V. Calculate the 
resistance of a series resistor if the resistance of the volt- 
meter is 600 Q (Fig. 45). 

10.70. A voltmeter rated for the maximum voltage of 
20 V ata current of 8 mA has to be used for measuring a volt- 
age of 100 V. What series resistance is required? 

10.71. A voltmeter having an internal resistance of 1000 © 
is connected to a circuit with a constant voltage supply in 
series with a series resistor R, and indicates 180 V. If another 
identical series resistor is connected to the circuit, the volt- 
meter indicates U, — 150 V. Determine the resistance of the 
series resistor R, and the voltage U in the circuit. 

10.72. The maximum current that can be measured with 
a milliammeter having an interval resistance R = 150 Q 
is J = 10 mA. How long must a manganin wire of diameter 
d — 0.4 mm be if it is used as the series resistor to convert 
the instrument into a voltmeter with a scale from 0 to 10 V? 

10.73. The internal resistance of a voltmeter is 300 Q. 
A series resistor of 1200 Q is connected to it in a measuring 
circuit, What is the ratio of the scale factors of the volt- 
meter with and without the series resistor? 
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Ohm's law for a closed circuit. Connection of batteries 


10.74. A voltmeter is connected to the terminals of a cur- 
rent source. The external circuit is closed. What does the 
voltmeter measure in this case? 

10.75. A cell whose internal resistance is 0.4 Q is closed 
through an external circuit having a resistance of 2.1 Q. 
The current in the circuit is 0.6 A. Deter- 
mine the emf of the cell and the voltage 
drop across it. 

10.76. Figure 46 shows a circuit diagram. 
When the resistance of the external circuit 
is 1.5 Q, the voltmeter indicates 1.65 V, 
while for an external resistance of 3.6 Q the 
reading of the voltmeter is 1.8 V. Determine 
the emf and the internal resistanceof the cell. 
anic cell with an emf of 1.45 V and an inter- 
nal resistance of 1.5 Q is closed through an external re- 
sistance of 3.5 Q, Determine the current in the circuit, the 
voltage across the cell terminals, and the efficiency of the 
cell in this circuit. 

10.78. Determine the emf of а generator and the voltage 
across its terminals if its resistance is 0.05 © and the exter- 
nal resistance is 11.45 Q. The current in the circuit is 20 A. 

10.79. Determine the current in a circuit if the emf of the 
generator is 230 V, its resistance is 0.1 О, and the resistance 
of the external circuit is 22.9 Q. 

10.80. A resistor of 2.2 Q is connected to a generator with 
an emf of 230 V. What is the resistance of the generator if 
the voltage across its terminals is 220 V? 

10.81. A galvanic battery with an emf of 15 V and an 
internal resistance of 5 Q is closed through a conductor 
whose resistance is 10 Q., A 1-uF capacitor is connected to 


the battery terminals. Determine the electric charge on the 
capacitor. 


Fig. 46 


10.77. A galv 


‚ 10.83. If a curren 
Sistor, the current i 


closed through an 8 


t source is closed through а 13-0 re- 
n the circuit is 0.8 A. If the source 15 
-Q resistor, the current in the circuit is 


3 10. Electric Current in Metals. Ohm's Law 129 


1.2 A. Determine the emf and the internal resistance of the 
current source. 

10.84. A d.c. generator with an emf of 150 V and an inter- 
nal resistance of 0.3 O supplies voltage to 20 incandescent 
lamps having a resistance of 240 © each and connected in 
parallel. The resistance of the leads is 2.7 О. Determine the 
voltage across the generator terminals and 
across the lamps. | --+ 

10.85. The emergency lamps of а tram 
car are fed by an accumulator battery 
having an emf of 48 V and an internal 
resistance of 0.2 Q. Ten lamps having a 
resistance of 39.5 Q each are connected as 
shown in Fig. 47. Determine the current 
in each lamp and in the leads. 

10.86. A circuit contains 20 parallel- Fig. 47 
connected bulbs. The current through a 
bulb is 1 A. The resistance of the wires 
connecting the load with a generator is 0.2 ©. What must the 
emf of the generator be for the voltage across the bulbs to 
be 220 V? The internal resistance of the generator is 0.05 Q. 

10.87. Three electric motors and ten parallel-connected 
incandescent lamps are connected to a generator with emf 


240 V and resistance 0.025 ©. A current of 50 A passes 
through each motor while the current through each lamp 
is 1 A. The resistance of the leads is 0.1 O. Determine the 
voltage across the generator terminals and across the loads. 

10.88. A workshop receives electric power from a collective 
farm's electric power station. There are two electric motors 
(M) and four bulbs in the workshop connected as shown in 
Fig. 48. The current through each motor is 10 А, and through 


9—0530 
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each bulb 0.5 A. The distance l between the station and the 
workshop is 0.5 km. The internal resistance of the generator 
is 0.1 Q and the voltage across its terminals is 220 V. De- 
termine the emf of the generator and the cross-sectional 
area of the copper leads if the admissible voltage drop in 
them is 8%. 

10.89. Determine the counter emf of a traction motor if 
the resistance of its windings is 0.1 Q and the voltage in the 
circuit is 550 V at a current of 150 A. 

10.90. Determine the emf of a generator with an internal 
resistance of 0.05 Q and the counter emf of a motor if the 
current in the circuit is 100 A, the voltage across the gen- 
erator terminals is 225 V, and the resistances of the motor 
winding and the leads are 0.2 and 04 Q respec- 
tively. 

10.91. The circuit diagram of a d.c. motor is shown in 
Fig. 49. The voltage in the circuit is U — 550 V, and the 
current is / = 102 A. The resistance of the armature circuit 
is Ra = 0.1 Q, that of the parallel excitation winding 
Rex = 150 ©, and that of the rheostatic controller В; = 
125 Q. Determine the current in the parallel excitation 
winding when the rheostatic controller is completely on, and 
the counter emf if the electric motor is started without а 
starter rheostat. 

10.92. Four loads having a resistance of 10 Q each are con- 
nected to an accumulator battery having an emf of 48 V 
and an internal resistance of 0.25 Q. Determine the current 
through the battery if the loads are connected (a) in series, 
(b) in parallel, and (c) in two parallel branches containing 
two series-connected loads each. 

10.93. One of two cells has an emf of 1.45 V and an internal 
resistance of 0.5 Q and supplies voltage to a circuit with an 
efficiency of 9096, while the other cell has an emf of 2 V and 
an internal resistance of 0.5 Q and operates with an effic- 
tency of 80% in an identical circuit. Determine the current 
in the two circuits, 

10.94. An accumulator with an emf of 1.45 V produces 
а current of 0.5 A in a conductor whose resistance is 2.5 Q. 
Determine the short-circuit current, 

10.95. During a short circuit, the current from a source of 


1.8 V is 6 A. What must the external resistance be for the 
current to be 2 A? 
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10.96. Why should lead accumulators not be short cir- 
cuited? 

10.97. A galvanic cell is first connected to an external 
resistance of 1.9 Q and the current in the circuit is 0.6 A. 
Then it is connected to an external resistance of 2.4 Q and 
the current becomes 0.5 A. What is the short-circuit current 
for this cell? 

10.98. Three galvanic cells, each having an emf of 1.5 V 
and an internal resistance of 0.6 O, are connected in series 
to a conductor having a resistance of 1.8 Q. Determine the 
current in the circuit. What will the current in the same 
conductor be if the cells are connected in parallel? 

10.99. Using the data in Problem 10.98, determine the 
connection for which the short-circuit current is the 
largest. 

10.100. How should six galvanic cells, each having an emf 
of 1.5 V and an internal resistance of 0.5 Q, be connected in 
parallel groups to obtain the maximum current when con- 
nected to a 1.0-Q resistor? 

10.101. How should 12 cells, each having an emf of 1.2 V 
and an internal resistance of 0.6 Q, be connected to produce 
a current of 1.6 А in an external circuit whose resistance is 
2.2 Q? 

10.102. A "Krona" battery is the power source for tran- 
sistor radios. It contains seven series-connected galvanic 
cells. What is the emf of a cell if the emf of the battery is 
9 V? What will the change in the emf of the battery be if the 
constituent cells are connected in parallel? 

10.103. Two alkaline accumulators, each having an emf of 
1.5 V and an internal resistance of 0.3 Q, are connected first 
in series and then in parallel and used to supply voltage to 
a circuit with a resistance of 6 2. Which connection produces 
the higher current in the external circuit, i.e. which method 
is more advantageous? 

10.104. Solve Problem 10.103 for the case when the exter- 
nal resistance of the circuit is 0.9 Q. Using the results of the 
two problems, find the ratio between the external and inter- 
nal resistances for which connecting the current sources in 
Series is more advantageous. 

10.105. A passenger carriage is lighted using a battery 
containing 26 series-connected lead accumulators. The emf 
of an accumulator is 2 V and the internal resistance is 


ge 
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0.004 Q. Determine the emf and the voltage across the ter- 
minals of the battery if the current in the circuit is 20 A. 

10.106. What is the reading of a voltmeter connected to 
the terminals of a battery consisting of three series-connected 
alkaline accumulators, each with an emf of 1.2 V and an 
internal resistance of 0.3 O? The external circuit consists 


£5 
£2 £s: 
Fig. 50 Fig. 51 


of a bulb with a resistance of 16 Q and 2-m long aluminium 
leads with a cross-sectional area of 0.2 mm?. Determine the 
voltage on the bulb. 

10.107. An accumulator battery, having an emf of 22 V 
and an internal resistance of 0.1 Q, is charged from a recti- 
fier the voltage across whose terminals is 24 V. Determine 
the resistance introduced into the circuit by a potentiometer 
LM pue in series with the battery if the charging current 
is я 

10.108. Two accumulators, having emf's of 1.3 and 1.8 V 
and internal resistances of 0.1 and 0.15 Q respectively, are 
connected in parallel. Determine the current in the circuit 
and the voltage across the terminals (Fig. 50). 

10.109. Determine the current through a resistor R = 2 Q 
connected in a circuit as shown in Fig. 51. Given: 6 = 
2 V, r, = 0.50 Q, €, = 4.0 V, and г, = 0.70 Q. 


$ 11. WORK, POWER, AND THE THERMAL EFFECT 
OF CURRENT 
Basie Concepts and Formulas 


Electric energy is transformed into other kinds of energy so 


that energy is conserved. The measure of the transformation 
is the work done by electric current: 


A=QU — IUt, 
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If the current or voltage are substituted using Ohm's law 
for a conductor we obtain 
А= IUL— = 12 
Rt ras 
Power is the ratio of the work done by an electric current 
during time ¢ to the time ё: 


p A D =. де 12 ems 
Pec. Ё IU — IH B 


The unit of work is the joule (J). In electrical engineering 
and everyday life, electrical work is measured in kilowatt- 
hours (1. kWh — 3.6 MJ). The unit of power is the watt 
(1 W = 1 J/s). 

Joule's law: the amount of heat liberated in a conductor 
carryiug a current is proportional to the square of the current, 
the time of its passage, and the resistance of the conductor: 


О = I*Rt. 
This formula is for series-connected loads. For a parallel 
connection, the formula is 


Worked Problems 


Problem 63. An electric motor operating for 5 h is driven 
at the mains voltage of 380 V and a current of 35 A. The 
resistance of the motor winding is 0.5 O. Determine the 
amount of energy consumed, the amount of heat liberated 
in the winding during the operation, and the mechanical 
work done by the motor. 

Given: U = 380 V is the voltage at the motor terminals, 
I = 35 A is the current, R = 0.5 © is the resistance of the 
motor winding, and ё = 5 h = 5 x 3600 s is the operation 
time. 

Find: the energy А consumed by the motor, the amount 
of heat Q liberated in the winding, and the mechanical 
work Amech- 

Solution. The energy consumed or the total work done by 
the current can be determined from the formula 


A — IUt, A = 35 A x 380V x 5 x 3600 s 
~ 2.4 x 108 J. 


134 Ch. П. Fundamentals of Electrodynamics 


The amount of heat liberated in the winding of the motor 
can be determined from Joule's law: 


О = ВЕ 
Q = BAF 05 Q x 5: 3600 5 — 1.4 $c 107 J. 


The mechanical work done by the motor can be deter- 
mined by subtracting the energy spent in heating the wind- 
ing from the whole energy spent: 


Amech = А — Q, 
Amech = 2.4 X 10° J — 4.4 x 107 J = 2.29 x 10° J. 

Answer. The energy spent by the motor is approximately 
2.4 x 105 J, the amount of heat liberated in the winding is 
11 MJ, and the mechanical work is 2.3 x 108 J. 

Problem 64. A tower crane, whose efficiency is 7096, hoists 
a load of 49 kN at a constant velocity of 0.55 m/s. Determine 
the current in its electric motors if driven from a supply 
voltage of 380 V. 

Given: 1 = 70% is the efficiency of the crane, б = 4.9 х 
10* N is the force of gravity acting on the load, v — 
0.55 m/s is the velocity of hoisting, and U — 380 V is the 
voltage in the circuit. 

Find: the current J. 

Solution. We write the formula for the efficiency as the 
ratio of the useful power (Gv) and the power spent (IU): 


n= 100%. 
Hence we obtain the current: 
I 100%, 


4.9% 104 N x 0.55 m/s x 10096 
I= 70 
71% X380 V = 101A. 


Answer. The current is approximately 101 A. 

Problem 65. Two resistors of 40 and 80 Q are connected in 
parallel to a source of constant voltage. The amount of heat 
liberated in the first resistor is 3.0 x 10° J. How much 
heat is liberated in the second resistor over the same time 
and in both resistors if they are connected in series? 

Given: R, = 40 Q is the resistance of the first resistor, 
К, = 80 Q is the resistance of the second resistor, and О; = 
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3.0 x 105 J is the amount of heat liberated in the first re- 
sistor. 

р Find: the amount of heat О, liberated in the second re- 
sistor, and the amount of heat liberated in the series-con- 
nected resistors. 

Solution. We use Joule's law 


U? 


0.= h 
2 (1) 
0.= x 


Dividing these equations termwise, we obtain Q,/Q, = 
R,/R,, whence we get Q;: 


0.= 50, б. = ed SAS. 


809 
If the resistors are connected in series, we have 
U?t 
DNE ILES 9 
Сет (2) 


Expressing U*t from (1) and substituting it into Eq. (2), we 
obtain 


Фа. Q 20x10 1X409 _ 
‚ Q= 1908 — 1.0 x 105 J. 

Answer. The amount of heat liberated by the second re- 
sistor is 1.5 x 105 J, and the heat liberated by the series- 
connected resistors is 1.0 x 105 J. 

Problem 66. The air in a room loses 293 MJ of heat per 
day. Determine the diameter of a nichrome wire 10.2 m 
long from which the coil of an electric heater is made such 
that the temperature in the room is kept constant if supplied 
with a voltage of 220 V. 

Given: О = 2.93 x 10% J is the amount of heat lost, t 
24 x 3600 s is the time during which the heat is lost, l 
10.2 m is the length of the nichrome wire, U — 220 V 
the supply voltage. From tables, we find the resistivity 
nichrome, р = 1.05 x 10-* Q-m. 

Find: the diameter d of the wire. 

Solution. Let us determine the amount of heat lost by the 
air in the room per second, i.e. the power of heat losses 
Р, = 011. 

The power of the electric heater сап be determined from 


the formula P, = U*/R 


Sul 
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In order to maintain the temperature in the room, the 
power of the heater must be the same as the power of heat 
losses: P, = P}, Q/t = U?*/R. Hence we can find the re- 
sistance of the heater coil: А = U?t/Q. It is well known that 
В = 015, where S = ла?/4. Then R = 4pl/ad?. 

Equating the expressions for R, we obtain M == = у 


Непсе 


VE. 


ue 4 X 2.93 x 105 1x 1.05 x 10-8 Q-m x 10.2 m 
220 V x 220 V x 24 x 3600 s x 3.14 
=9.5 x 107* m. 


Answer. 'The diameter of the wire is approximately 1 mm. 

Problem 67. How long will it take to boil 1 1 of water from 
15°С using an electric immersion heater whose resistance 
is 25 Q and efficiency is 8596? The applied voltage is 120 V. 

Given: V = 10-3 m? is the volume of the water, 4, = 15°C 
is the initial temperature of the water, t, = 100°С is the 
boiling point of water, R = 25 Q is the resistance of the coil, 
U = 120 V is the applied voltage, and п = 0.85 is the ef- 
ficiency of the heater. From tables, we find the density of 
water, p — 10? kg/m?, and the specific heat of water, c — 
4187 J/(kg-K). 

Find: the time £ required for boiling water. 

Solution. Problems involving a given efficiency should 
be solved starting with the formula for efficiency п= 


ous » Where Qu, = ст (t, — ty), and Qg,— D t. This 
gives n= ть) p Hence we can find the time: t= 


Ut 
ст (t, —t) В T 4 
"ашп. Considering that the mass of water can be 


expressed in terms of density and volume, m — pV, we 
obtain 
cpV (ta —&) R 
HU? * 
ee 4187 J/(kg-K) x 103 kg/m? x 10-3 m? x 85 K x 25 Q 
0.85 x 120 V x 120 V 


t= 


720 s 


— 12 min. 
Answer. It takes 12 min to boil the water. 
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Questions and Problems 


11.1. How much electricity will pass through the cross 
section of a conductor in 30 s if its resistance is 20 Q and the 
voltage across it is 12 V? Determine the work done by the 
electric current. 

11.2. What energy is supplied by a generator to an exter- 
nal circuit over 8 h if the readings of the ammeter and volt- 
meter remain unchanged at 50 A and 220 V respectively? 
Express the answer in joules and kilowatt-hours. 

11.3. The reading of an electric meter is 0981 kWh. The 
load consists of three bulbs of 100 W, two bulbs of 60 W, 
and four bulbs of 15 W. What will the meter reading be in 
30 days if the bulbs are switched on for 10 h every day? 
What will the electricity bill be at a rate of 4 kopecks per 
kilowatt-hour? 

11.4. An electric motor driven by a current of 15 A at a 
constant voltage of 220 V develops a power of 3 kW. Deter- 
mine the efficiency of the motor and the cost of 8 h of elec- 
tric energy, if it is charged at a rate of 4 kopecks per kWh. 

11.5. A d.c. electric transmission line between the Volzh- 
skaya hydroelectric plant and the Donbas is rated for a volt- 
age of 800 kV with a nominal current of 1000 A. Determine 
the transmitted power and the energy transferred per year 
under these nominal’ conditions. 

11.6. Determine the electric energy expenditure over 8 h 
of operation of two parallel-connected electric motors if the 
current in one branch is 50 A and the supply voltage is 
220 V. 

11.7. How much energy is consumed by the motor of a 
tram in one hour of continuous operation if the voltage across 
the collector plates of the motor is 500 V and the current 
in the winding of the motor is 130 A? Express the answer in 


joules and kilowatt-hours. 
11.8. Determine the power of the current in the circuit 


shown in Fig. 52. 

11.9. Five resistors are connected as shown in Fig. 53 
and to a voltage supply Usp = 24 V. Determine the total 
resistance of the circuit, the potential difference between 
points C and D, the current in the fifth resistor, and the power 


of the current in the circuit. 
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11.10. An electric loader is driven by an accumulator bat- 
tery consisting of 22 series-connected alkaline accumulators 
with an emf of 1.1 V each. The power developed by the motor 
during loading is 1.2 kW. Determine the current in the cir- 
cuit if the voltage drop across the battery and in the wires 
is 2.2 V. 

11.11. The battery of an electromobile consists of 42 se- 
ries-connected accumulators having an emf of 2.0 V each, 


LL A28 p A60 


Fig. 52 Fig. 53 


Determine the total power of the battery if the current in 
each of two parallel-connected electric motors is 50 A. 

11.12. Determine the power developed by an underground 
train consisting of six coaches if the motors in each coach 
are connected in two parallel branches consisting of two se- 
ries-connected motors. The supply voltage is 750 V and the 
current in each branch is 150 A. 

11.13. Determine the power developed by the motors of 
an electric locomotive if they are connected into three 
parallel branches of two series-connected motors, the 
supply voltage is 3 kV, and the current in each branch is 
€ A. 

11.14. Determine the energy consumption in 8 hours if 
four incandescent lamps are connected to a circuit at a volt- 
age of 120 V (a) in parallel, (b) in series, and (c) in two 
parallel groups containing two series-connected lamps. The 
resistance of a lamp is 120 Q. 

11.15. Determine the power consumed and the useful 
per for the motor from Problem 10.89 if its efficiency is 
D о. 

11.16. Using the data of Problem 10.56, calculate the 


power consumed by the motors of trolleybus 7 and the power 
losses in the circuit, 
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11.17. A generator with an internal resistance of 0.01 Q 
is connected to electric motors as shown in Fig. 54. The 
voltmeter indicates 220 V and the ammeter 500 A. The 
resistance of the leads is 0.05 Q. Determine the total power, 
the power consumed by the 
electric motors, and the effic- 
iency of the set-up. 

11.18. Using the data of 
Problem 10.61, determine the 
power of the current in the 
bulbs, and the energy expendi- 
ture in ten hours of operation. 

11.19. What must the cross- 
sectional area of a copper wire 
be to transmit a power of 1.0 kW at a voltage of 100 V over 
a distance of 50 m so that voltage losses are less than 6 V? 

11.20. Two identical resistors are connected to a circuit 
at a constant voltage first in parallel and then in series. Is 
the electric power the same in both cases? 

11.21. The resistance of a glowing incandescent lamp is 
360 Q. The supply voltage is 220 V. How many lamps are 
connected in parallel in the circuit if the power consumed 
by all the lamps is 2.15 kW? The resistance of the leads 
should be neglected. 

11.22. An electric loader lifts a load of 500 kg to a height 
of 2 m at a constant velocity. The motor is driven by an 
accumulator battery with an emf of 24 V at a current of 
41 A. The efficiency of the loader is 8096. Determine the 
velocity and duration of one operation, neglecting the in- 
ternal resistance of the battery. 

11.23. The motors of a tram moving uniformly along 
horizontal rails develop a tractive force of 2 kN. The voltage 
across the collector plates of the motors is 550 V and the 
current in the circuit is 80 A. The efficiency is 80%. Deter- 
mine the velocity of the tram. 

11.24. A tram starts to move at a constant acceleration 
of 4 m/s? for 8 s with a tractive force of 28 kN and an effic- 
iency of 8896. What is the current at the end of the eight 
seconds if the supply voltage is 550 V? 

11.25. Why is lead wire used in fuses? 

11.26. The 8-A and 16-A fuses for the VAZ motor car have 
the same length. What is the difference between the fuses? 
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11.27. Given two hot plates one of which is rated for a 
voltage of 127 V and the other for 220 V. Which coil is 
thicker if the length and material of the coils are the same? 

11.28. A carriage is heated with eight electric heaters 
having a resistance of 275 Q each and connected in parallel. 
The voltage across the terminals of the heaters is 550 V. 
Determine the amount of heat given away by the heaters 
during 18 h of operation, neglecting heat losses. 

11.29. Two bulbs rated for 110 V are connected in series 
and to a voltage supply of 220 V. Determine the voltage 
across each bulb, the power. and the amount of heat liber- 
ated by a bulb during 1 h if the powers of the bulbs are 
(a) 60 W each, (b) 60 and 40 W, and (c) 60 and 100 W. 

1.30. An electric soldering iron operates at a voltage of 
220 V and a current of 0.22 A. How much tin at 293 K can 
be melted by it per minute? 

11.31. An electric samovar having a power of 600 W 
boils 1.5 1 of water from 283 К in 20 min. Determine the 
efficiency of the samovar and the cost of the energy if elec- 
tricity is charged at a rate of 4 kopecks per kWh. 

11.32. Two resistors, having resistances of 1 and 4 Q, are 
connected in turn to a current source and are found to con- 
sume the same power. Determine the internal resistance of 
the current source. 

11.33. Determine the emf and the internal resistance of 
а current source if the power of an external circuit is 230 W 
at a current of 10 A and 337.5 W at a current of 15 A. 

11.34. An electric motor is connected to a voltage supply 

of 220 V. The resistance of the motor winding is 1.8 Q and 
the current in the motor is 12 A. Determine the power con- 
sumed and the efficiency of the motor. 
11.35. Water boils in an electric boiler 12 min after it 
Лаз been switched on. The heating element consists of 4.5 m 
of wire wound in a coil. What must be done to obtain boiling 
water in 8 min? The energy losses should be neglected. 

11.36. The heating element of an electric boiler has two 
Sections. If the two Sections are connected in series, water 
boils in the boiler in 27 min, while if connected in parallel 
the water boils in 6 min. The resistance of one section is 
40 Q. What is the resistance of the other section? Energy 
losses should be neglected. 


11.37. The distance between a generator with an emf of 


$ 12. Electric Current in Electrolytes 141 


240 V and an internal resistance of 0.1 Q and a consumer 
is 50 m. How much copper is required for the cabling if a 
power of 22 kW is rated for a voltage of 220 V? 


$ 12. ELECTRIC CURRENT IN ELECTROLYTES 


Basic Concepts and Formulas 


Liquid conductors mainly include solutions of salts, alkalis, 
and acids. The current carriers in liquid conductors a1e the 
ions formed by electrolytic dissociation. This is the decom- 
position of neutral molecules of salts, alkalis, and acids 
into positive and negative ions when they dissolve in water 
or other solvent. The large permittivity of water (e = 81) 
and thermal motion lead to the decomposition of molecules. 

The passage of a current through a liquid conductor 
(electrolyte) is accompanied by a chemical transformation 
of the substance and its deposition on the electrodes (this 
is known as electrolysis). 

Electrolysis is governed by Faraday's two laws. 

Faraday's first law of electrolysis. The mass of a substance 
liberated in electrolysis is proportional to the amount of 
electricity passing through the electrolyte: 


т = kQ, 


where k is the electrochemical equivalent and is the amount 
of substance liberated in the electrolysis by the passage of 
1 C of electricity through the electrolyte. 

Faraday's second law of electrolysis. Electrochemical 
equivalents are proportional to the ratio of the molar mass 
to the valency of the substance: 


ky Ма, Me 


ks ni ^ na 
where M, and M, are the molar masses, and m, aud п, are 


the valencies. ! 
It is important to remember that the charge passing 


through an electrolyte to liberate 1 mol of a substance is 
F = Nae = 9.648456 х 10° C/mol, where F is the same 
number for all electrolytes and is known as the Faraday con- 


stant, 
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Faraday's generalized law is 


The passage of a current through an electrolyte may cause 
the electrodes to polarize, which induces a counter emf, і.е. 
decreases the current through the circuit. In such a case, 
problems can be solved with the help of Ohm's law for a 
subcircuit containing an emf: 


— 0 — ёро 
I= ie 


Worked Problems 


Problem 68. A metal article is electrolytically plated with 
a silver layer 20 um thick. How long did the electrolysis 
require for a current density of 2.5 x 10-3 A/cm?? 

Given: h = 20 um = 2 x 10-5 m is the thickness of the 
silver layer, and j — 2.5 x 10-? A/cm? — 25 A/m? is the 
current density. From tables, we find the electrochemical 
equivalent of silver, k = 1.118 x 10-5 kg/C, the density of 
silver, p = 10.5 х 103 kg/m’, the valency of silver, n — 1, 
the molar mass of silver, M = 108 x 10-3 kg/mol, and the 
Faraday constant F — 9.65 x 10! C/mol. 

Find: the time t of the electrolysis. 

Solution. Ist method. We solve the problem using Fara- 
day's first law т = kIt. This gives t = m/kI. The mass and 
the current can be determined from the formulas m — pSh 
and J = jS. Substituting these quantities into the formula 
for time, we obtain 


h 10.5 x 103 kg/m? x 20 x 10-8 m 
fpe g 
kj * 1.185 10-5 kg/C x 25 A mt = /900 s. 


2nd method. 1f the electrochemical equivalent is unknown; 
the problem can be solved using Faraday's generalized law 
moe 7 h __ тЕп rent 
F'& ^5 Whence t = ур. The mass and the curren 
can be determined as before: m — pV = pSh and Г = 75. 
This gives 
i= phFn 
zn 
ic 10.5 x 103 kg/m3 x 20 x 10-9 m x 9.65 X 10* C/mol 
108 x 10-3 kg/mol x 25 A/m? 


7500 s. 
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Answer. The time required for silver plating is about 2.1 h. 

Problem 69. During the electrolysis of silver nitrate solu- 
tion, 12 g of silver took an hour to deposit on the cathode. The 
voltage across the terminals of the electrolytic bath was 
5.2 V, the resistance of the solution was 1.5 Q, and the po- 
larization emf was 0.7 V. Determine the valency of silver 
and the number of silver atoms liberated at the cathode. 

Given: t = 3600 s is the duration of the electrolysis, m = 
1.2 x 10-? kg is the mass of liberated silver, U — 5.2 V 
is the voltage across the terminals of the bath, R = 1.5 Q 
is the resistance of the electrolyte solution, and & = 0.7 V 
is the polarization emf. From tables, we find the molar mass 
of silver, М = 108 x 10-3 kg/mol, the Faraday constant 
” — 9.65 x 10* C/mol, and the electron charge e = 1.6 x 
107" C. 

Find: the valency n of silver and the number X of silver 
atoms liberated at the cathode. 

Solution. The valency of silver can be determined from 

Е ý 1 M MIt 

Faraday's generalized law т = > 7- 7t, whence n = у. 

Since the polarization emf emerges in the circuit, the 
current, can be determined from Ohm's law for a subcircuit 
with an emf: J = (U — €)/R. Then the expression for the 


valency becomes 


M(U—)t 108 x 10- kg/mol (5.2 V —0.7 V) 3600s _ | 
п ри > "12510-3 kg x 9.65 x 10: C/mol X1.5Q2 ^" 


Since the valency of silver is unity, we can determine the 
number of silver atoms by dividing the charge passing 
through the electrolyte by the elementary charge: N = Q/e. 
Since О = It, we obtain 


(U—2t (5.2 V —0.7 У) 36008 _ coc ода 
N=, Мохов o = 6-79 Х 10%. 


Answer. Silver is monovalent, and 6.75 x 10°? silver 
atoms were liberated at the cathode. 

Problem 70. The current through an electrolytic bath 
containing the solution of zinc sulphate (ZnSO,) increases 
linearly Г = (2 + 0.021). How much zine will be liberated 
at the cathode 5 min after the current starts changing? 
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Given: Г = (2 + 0.021) is the linear increase in current, 
and ¢ = 300 s is the duration of the electrolysis. From tables, 
we find the electrochemical equivalent 
of zinc, К = 3.4 X 10-7 kg/C. 

Find: the mass m of the deposited 
zinc. 

Solution. We use Faraday's first law 
of electrolysis 


m = КО, 

where Q is the amount of electricity 
passing through the electrolyte. In 
order to determine Q, we plot the cur- 
rent versus time graph. The current 
can be determined from the given 
equation. At time tọ = 0, we have J, = 2 A, while at 
t = 300 s, we have J = (2 + 0.02 x 300) А — 8 A. The 
time variation of current is shown in Fig. 55. 

From the graph, we see that the amount of electricity 
passing through the electrolyte is equal to the area of the 
hatched region (trapezium): 


Fig. 55 


Q= =H Q= LATS) 300 s= 1500 C. 


The mass of the zinc is 
m = 3.4 x 10-7 К/С x 1500 С = 51.0 x 10-5 kg. 


Answer. 510 mg of zine will be deposited on the cathode. 

Problem 71. Determine the power consumed during the 
electrolysis of sulphuric acid solution if 150 mg of hydrogen 
are liberated over 25 min, and the resistance of the electro- 
lyte is 0.4 О. The losses should be neglected. 

Given: t = 1500 s is the duration of the electrolysis, m 
0.15 x 10-3 kg is the mass of the liberated hydrogen, R 
аы. e resistance of the electrolyte. From tables. we 
ind h тос iei ive zdr Г 
сом е а ee equivalent of hydrogen, k 

Find: the power P consumed in the electrolysis. 

Solution. In order to determine the power of the current, 
we use the formula P = FPR. The current can be determined 
from Faraday's first law of electrolysis: Г = m/kt. Substi- 
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tuting this quantity into the formula for power, we obtain 


m*R (0.15 x 10-3 kg)? 0.4 Q 
(eye? (1.044 x 10-8 kg/C x 1500 s)? 


P= ~ 87 W. 
Answer. The power consumed in the liberation of the 
hydrogen is approximately equal to 37 W. 


Questions and Problems 


12.1. A solution of the salt NaCl is electrically neutral. 
Can we state that there are no ions in the solution? Why? 

12.2. Electrolytic capacitors are connected to a circuit, 
with their polarity observed. Can the polarity be ignored? 
Why? 

12.3. Current reversal is used to polish the surface of a 
metal electrolytically. What effect does it produce? Can 
this method be used to sharpen cutting tools? 

12.4. How much aluminium, silver, and copper will be 
deposited on the cathode as a result of the passage of 1 C 
of electricity through appropriate electrolytes? How many 
electrons pass through each electrolyte thereby? 

12.5. The electrolysis of copper sulphate solution yields 
1 g of copper. How much aluminium can be obtained electro- 
lytically by passing the same amount of electricity through 
an appropriate electrolyte? 

12.6. Two electrolytic baths are connected in series and 
to a current source. The first bath contains a solution of 
nickel sulphate NiSO, while the second contains a solution 
of chromium (II) chloride CrCl;. How much chromium will 
be liberated in the second bath if 300 g of nickel are libe- 
rated in the first bath? 

12.7. Two series-connected electrolytic baths contain 
copper sulphate CuSO, and copper chloride CuCl solutions 
respectively. How much copper will be liberated in each 
bath when 4 C of electricity is passed through them? 

12.8. A student first calculated the electrochemical equiv- 
alent of copper using the formula k = M/Fn and then 
experimentally determined it. What must the increase in the 
mass of the cathode be after 15 min if copper sulphate solu- 
tion is electrolyzed at a current of 1 A? The valency of 


copper is 2. 
10—0530 
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12.9. To determine the electrochemical equivaient of 
copper, a student electrolyzed a copper sulphate solution for 
20 min at a current of 1.5 A. The cathode increased in mass 
by 600 mg. What is the resultant electrochemical equiv- 
alent? What are the absolute and relative errors of mezsure- 
ment in comparison with the tabulated value? 

12.10. A solution was electrolyzed for 20 min at a current 
of 1.5 A. 594 mg were liberated at the cathode. What was 
liberated? 

12.41. During an electrolysis, 503 mg of a metal were 
liberated at the cathode. The process lasted 5 min at a cur- 
rent of 1.5 A. What was the metal and what is its valency? 

12.12. What are the charges of mono-, bi-, and trivalent 
ions? 

12.13. The valencies of silver and gold are 1 and 3 re- 
spectively. Determine their electrochemical equivalents. 

12.14. How many silver atoms are liberated at the cathode 
when silver nitrate solution is electrolyzed for 1 h at a cur- 
rent of 1 A? 

12.15. Two series-connected electrolytic baths contain 
solutions of copper sulphate and auric chloride respectively. 
As a result of the electrolysis, 2 g of copper was liberated 
at the cathode. How much trivalent gold was liberated in 
the other bath? How many copper and gold atoms were 
deposited on the cathodes? 

12.16. Copper is refined at a voltage of 0.3 V across the 
bath terminals. How much copper is deposited on the cathode 
over 1 h if the resistance of the electrolyte is 3 x 10-5 Q? 
Copper is bivalent. 

12.17. To obtain aluminium, a current of 50 A is passed 
through molten cryolite with alumina at a voltage of 6 V. 
Determine the energy consumption per ton of aluminium and 
the resistance of the electrolyte. 

12.18. In a copper refinery the cathodes are replaced after 
10 days of continuous operation of electrolytic baths. The 
amount of copper accumulated on each electrode over this 
period is 71 kg. Determine the current density if the area 
of a cathode is 0.9 m?, 

12.19. During an electrolysis, 5 x 10* C of electricity 
Were passed through a ferric chloride (FeCl,) solution. How 
much iron and chlorine are liberated in the process? At 
which electrode is the chlorine liberated? Why? 
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12.20. How long does it take to gold-plate a watch case 
electrolytically with a layer thickness of 12 um at a current 
density of 0.1 A/dm?? 

12.21. The reflectivity of an automobile's headlight is 
increased by an electrolytic coating of a 10-um thick silver 
layer. How long must the electrolysis of a silver nitrate 
solution with a current density of 0.3 A/dm? be to obtain 
the required thickness of the layer? 

12.22. A melt of aluminium salts is electrolyzed at a 
voltage of 6.5 V. How much electricity is spent to obtain 1 t 
of aluminium and how much does it cost at a rate of 2 kop- 
ecks per kWh if the efficiency’ of the electrolyzer is 
75%? 

12.23. How much aluminium is obtained by electrolysis 
if 100 kWh of electricity has been spent? The electrolysis 
is at a voltage of 6 V with an efficiency of 8096. 

12.24. How long does it take for a copper anode 50 x 
10 x 1 mm? in size to completely dissolve if a copper sul- 
phate solution is electrolyzed at a current of 0.3 A? 

12.25. Electrolytic nickel plating of an article is carried 
out at a current density of 0.8 A/dm?. Determine the rate of 
growth of the nickel layer. The valency of nickel in the com- 
pound is 2 

12.26. During the electrolysis of weakly acidified water, 
0.5 1 of hydrogen are obtained at a pressure of 0.13 MPa 
over 50 min. Determine the temperature of the hydrogen 
if the current in the circuit is 1.6 A. 

12.27. A silver nitrate solution was electrolyzed for 
5 min, and the amount of silver deposited on the cathode was 
336 mg. An ammeter in the circuit indicated 0.9 A. Was 
this reading correct or has a correction to be made? 

12.28. Given the electrochemical equivalent of oxygen, 
determine the electrochemical equivalent of hydrogen, 
Sodium, and magnesium. 

12.29. How much electric charge passes through a silver 
nitrate solution in 20 s if the current increases from 1 to 
4 A during the process? How much silver is deposited on the 
cathode? 

12.30. Determine the electric power spent if a weakly 
acidified water is electrolyzed for 25 min liberating 0.5 g 
of oxygen. The resistance of the electrolyte is 1.8 Q and does 
not change with time. 


10* 
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12.31. During an electrolysis of a silver nitrate solution, 
the current in the bath varied thus: J = 0.2 + 6 х 10-34. 
How much silver was deposited on the cathode 300 s after 
the current started to vary? 

12.32. At what current density does the thickness of the 
silver layer in a silver nitrate solution grow at a rate of 
3 x 10-3 pm/s? 

12.33. How many atoms of a monovalent metal are depos- 
ited per square metre of cathode surface if an electrolysis 
is carried out for 10 min at a current density of 5 A/m?? 

12.34. During the electrolysis of a nickel sulphate solution, 
2.19 g of nickel are deposited after 40 min on the surface 
of the cathode. Determine the polarization emf if the voltage 
across the bath terminals is 5 V and the resistance of the 
solution is 1.4 Q. 


$ 13. ELECTRIC CURRENT IN GASES AND IN VACUUM 
Basie Concepts and Formulas 


Under normal conditions, all gases are nonconducting. They 
either do not contain charge carriers or the number of carriers 
in them is small. 

Heating or irradiating a gas ionizes it: its atoms lose a 
valency electron and become positive ions. Some of the 
electrons that escape the atoms recombine with neutral mol- 
ecules to form negative ions. Thus, positive and negative 
ions and electrons become the mobile charge carriers in the 
gas. 

,, In order to detach an electron from an atom, i.e. to ionize 
it, the following work must be done: 


А, = фе, 


Where q, is the ionization potential, which is different for 
ти gases. It should be kept in mind that 1 eV = 1.6 x 
For an impact ionization to emerge, an electron must 


acquire a kinetic energy greater than or equal to the ioniza- 
tion work 


mv? 


> РА, 
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An electron may acquire this energy at the expense of the 
work done by electric field forces: 


mv*/2 = eEh, 


when it travels a distance À between two collisions. 
Positive ions also take part in ionization. 
The passage of an electric current through a gas is known 
as an electric discharge. There are several types of gas dis- 


charge. 
Conduction in vacuum is determined by the presence of 


a source of charged particles. For example, in a vacuum tube, 
electrons emitted from the surface of a heated cathode acquire 
à kinetic energy from the field, i.e. 


mv?*/2 = Ue, 


where U is the voltage between the electrodes of the tube 


and is known as the accelerating voltage. 
The number of electrons emitted by the cathode depends 
on its temperature. The saturation current density is given by 


j = env, 


where n and v are the number density and velocity of the 
electrons respectively. 


Worked Problems 


Problem 72. Under normal conditions, a spark discharge 
in air occurs at a field strength of 3 x 109 V/m. Determine 
the energy required for an electron to ionize air molecules if 
the mean free path of an electron is 5 jum. What must the 
minimum velocity of an electron capable of ionizing air 
molecules be? 

Given: E = 3 x 10° V/m is the electric field strength and 
A — 5 x 10-6 m is the mean free path of an electron. From 
tables, we find the electron charge e = 1.6 x 10-19 C and 
the electron mass m = 9.11 x 10-81 kg. 

Find: the ionization energy W, and the minimum ve- 
locity v required for the ionization. 

Solution. The energy W, required to ionize air molecules 
is received by an electron at the expense of the work done 
by electric field forces: A = e (фі — P2), where the potential 
difference can be expressed in terms of the electric field 
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strength: фу — P2 = ВА. Then the ionization energy is 


W, = = eEh, 
№, = 1.6 x 10-9 C x 3 x 10* V/m x 5 10-5 m 
= 2,4 403. 


The electron moving in the electric field acquires a ki- 
netic energy mv?/2. The molecules may ionize when the 
kinetic energy of the electron is higher than or equal to the 
ionization energy. To determine the minimum velocity, we 
can use the equality mv?/2 = W,, from which v can be de- 
termined: 


01/39 ZX24x1011 _ Я 
‚=И mp 9.11 xdü- kg = 2-9 X 10° m/s. 


Answer. The ionization energy is 2.4 x 10-18 J, and the 
velocity of the electrons is 2.3 x 109 m/s. 

Problem 73. The separation between the electrodes in an 
ionization chamber is 6.2 cm, and the area of each electrode 
is 100 cm?. An ionizer produces 10° pairs of ions per second 
in 1 cm? of the chamber. The ion pairs have a mobility of 
3.29 x 10-4 m*/(V.s). Assuming that the ions are mono- 
valent, determine thesaturation current and the field strength 
in the chamber. 

Given: S = 107? m? is the surface area of an electrode, 
l = 6.2 x 107? m is the separation between the electrodes, 
n = 2 x 10 m-? is the number density of the ions, b — 
3.29 x 10-1 m?/(V -s) is the mobility of the ions, andt = 1$ 
is the time of ionization. From tables, we find the electron 
charge e = 1.6 x 10-1 С. 

Find: the saturation current J and the electric field 
strength E in the chamber. 

Solution. The charge carriers in gases are ions and elec- 
trons. At the saturation current, all the charge carriers 
reach the electrodes. The saturation current can be deter- 


mined from the formula J = envS, where v = l/t. This 
gives 


= emt. 
I-en 1 5. 


$ 13. Electric Current in Gases and in Vacuum 151 


Using the formula b = v/E for the mobility of charges, we 
determine the field strength: 


v 
ЕЕ. 


Substituting in the numerical values, we obtain 
1—1.6x 10-1 Cx 2: 10719 mrs 5-200077 ть 10-2 m= 0.2 pA, 


6.2x107? m = 
B= 339x107 mV -s) ХТ S 188 V/m. 
Answer. The saturation current is 0.2 uA, and the electric 
field strength is 188 V/m. 


Questions and Problems 


13.1. Under the action of an ionizer, a gas has become a 
conductor. A charged electroscope placed nearby starts to 
discharge rapidly. Why does the discharge cease after the 


ionizer is removed? 
13.2. Figure 56 shows a dependence of the current through 


a gas on the applied voltage. What processes correspond to 


D 


Fig. 57 


Fig. 56 


different sections of the graph? Which section describes a 


self-sustained discharge? . 
13.3. What is the difference 1n 
solutions? 3 
13.4. What should be done to increase the saturation cur- 
rent? 
13.5. Is im 
gas is at atmospheric pr 


the conduction of gases and 


pact ionization possible at a low voltage if a 
essure? 
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13.6. How can you explain that spark discharges occur 
only intermittently? 

13.7. Give examples when a corona discharge is (а) harm- 
ful and (b) beneficial. 

13.8. What type of discharge is observed in day-light 
lamps? What particles are the charge carriers in this dis- 
charge? 

13.9. Why does impact ionization in rarefied gases become 
more intense with decreasing voltage? 

13.10. Why is the surface of the cathode in a vacuum tube 
coated with a thin layer of metal (say, barium or strontium)? 

13.11. Figure 57 shows the anode current versus anode 
voltage for different temperatures of the filament of a diode. 
How can the presence of the horizontal lines in the graph be 
explained? What is the reason behind the increase in the 
saturation current at higher temperatures? 

13.12. How can an electron beam be controlled? How is it 
controlled in the CRT tube of a television set? 

13.13. A gas and a plasma are both electrically neutral 
as a whole. What is the difference between them? 

13.14. Determine the ionization potential for silver atoms 
if an energy of 6.9 x 10-?? J is required to ionize them. 

13.15. How will the velocity of the electrons in a CRT 
change if the energy of an electron changes from 700 to 
1000 eV as a result of a change in the voltage between tle 
anode and the cathode? What is the electron velocity in the 
two cases? 

13.16. For obtaining cathode rays, a voltage of 30 kV is 
applied to the electrodes of a gas discharge tube. Determine 
the maximum velocity of the electrons in the cathode beam. 

13.17. A potential difference of 300 V is applied between 
the cathode and the anode of a diode. Determine the velocity 
of the electrons as they move in the tube if the separation 
between the cathode and the anode is 10 mm. How long 
do they move? 

13.18. What must the minimum velocity of electrons be to 
cause the impact ionization of cesium atoms, whose work 
function is 1.8 eV? 

13.19. The ionization energy for a hydrogen atom is 
13.5 eV. What must the minimum velocity of an electron be 
10 cause the impact ionization of the hydrogen atom? 

13.20. On average, five ion pairs are formed per second 
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рег cm? of atmospheric air near the Earth's surface due to 
radioactivity of soil and cosmic radiation. The separation 
between two electrodes is 8 cm. Determine the saturation 
current density between the electrodes for singly charged 
ions. 

13.21. The work function of barium oxide electrons is 
1.0 eV. What must the mean free path of the electrons in 
a parallel-plate capacitor be for the electrons to ionize the 
barium atoms? The field strength between the plates is 
3 x 10° V/m. The field should be treated as uniform. 

13.22. The saturation current in an air-filled tube is 
2 x 10-1? A at an electric field strength of 30 V/m between 
the electrodes. The overall mobility of monovalent ions is 
3.29 x 10-* m2/(V-s), and the area of plane electrodes is 
100 cm?. Determine the number density of the ions. 

13.23. Determine the overall mobility of hydrogen ions 
if the saturation current density is 2.8 х 107^ A/m? at a 
field strength of 1.2 kV/m and a number density of ions of 
10% ecm-?. 


§ 14. ELECTRIC CURRENT IN SEMICONDUCTORS 


Basie Concepts and Formulas 

materials having resistivity between 
that of conductors and insulators; their resistivity decreases 
with rising temperature and the presence of impurities. 
Typical semiconductors are elements of group IV of the 
Periodic Table, whose atoms have four valency electrons 
in the outer shell (like germanium Ge and silicon Si). At low 
temperatures, crystals of these elements do not contain free 
electrons and are good insulators. The covalent bonds in 
such crystals are ruptured with increasing temperature, 
illuminance, or due to strong electric fields. Free electrons 
appear, and intrinsic electron conduction emerges 1n (n-type) 
semiconductors. Intrinsic hole conduction of (p-type) semi- 
conductors is due to the displacement of holes. 

Impurity conduction in semiconductors is due to the pres- 
ence of “alien” group V elements (like arsenic or antimony) 
or group III elements (like boron and aluminium). In the 
former case, impurity electron conduction is created, and in 
the latter, impurity hole conduction sets in. Thus, the 


Semiconductors are 
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introduction of impurities into pure semiconductors can 
destroy the equilibrium between the p-type and n-type con- 
ductions. 

When p- and n-type semiconductors are brought in con- 
tact, a barrier layer emerges as a result of diffusion through 
the p-n junction. The application of an external field to a 
p-n junction may change its conduction and create the con- 
ditions for unilateral conduction. 

А semiconductor diode is a semiconductor with a p-n 
junction. Its advantages over vacuum tube diodes include 
small size, reliability, and efficiency. 


Questions and Problems 


14.1. Figure 58 shows the temperature dependences of 
resistance for conductors and semiconductors. Which of 
them corresponds to semiconduc- 
tors? 

14.2. What are the mobile charge 
carriers in a pure semiconductor? 

14.3. What is the ratio between 
the number of holes and the num- 
ber of free electrons in a pure semi- 
conductor? Is this ratio preserved 
0 7 for impurity conduction of semicon- 

p ductors? 

ig. 58 14.4. What will the type of con- 
duction in germanium with trace 
$ or aluminium be? 


№ 


impurities of phosphoru 

14.5. How do the conductivities of germanium and silicon 
vary with lowering lemperature? 

14.6. By what factor will the current density in a semi- 
conductor change if the Velocity of the electrons increases 
from 0.5 to 0.75 m/s as a result of а temperature increase 
thereby from 4:8 е "e aj mater density o 
of directional motion of free electrons 
JS 0.25 m/s for a given temperature. 
Ly of the charges and their number den- 
density is 4 X 107? Али? for a field 
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14.8. What is a thermistor? Why are thermistors called 
nonlinear resistances? 

14.9. What is the difference between a thermistor and a 
photoresistor? 

14.10. What is a transistor? Which regions does the crystal 
of a transistor contain? 

14.11. The thickness of the base in a transistor is very 
small (1-25 шт). Why? 

14.12. What is the ratio between the emitter, base, and 
collector currents? 

14.13. What is the advantage of semiconductor devices 
over vacuum tubes in radio engineering? 


$ 15. ELECTROMAGNETISM 


Basic Concepts and Formulas 


A magnetic field is a special case of electromagnetic field, 
being characterized by the action on a moving charged 
particle of a force proportional to 
the charge of the particle and its P 
velocity. 
The shape of a magnetic field de- 
pends on the shape of the current- | 
carrying conductor producing it. _-|--~ 
For example, the magnetic field - v 
formed around a straight current- // j 1) 
carrying conductor is graphically ( | & | J 
represented by magnetic field lines V OR dE 
in the form of concentric rings in — M. 2^ 
the plane perpendicular to the di- 
rection of the current (Fig. 59). The 
direction of the magnetic field in 
this case is given by Ampére's (right- Fig. 59 
hand screw) rule: rotation of the 
head of a screw indicates the direc- і 
tion of the magnetic field lines if the motion of the screw 
body coincides with the direction of the current. 
The magnetic field of a current-carrying coil (solenoid) 
is similar to the magnetic field of a permanent bar magnet. 
The interaction between magnetic fields formed by par- 
allel current-carrying conductors is determined by the 


м 
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formula 


IIl 
F= yum m , 


where 7, and 7, are the currents in the conductors, J is the 
length of wire over which the force is acting, a is the sepa- 
ration between the conductors, and Hm is the absolute per- 
meability of the medium characterizing the dependence of the 
force of interaction of current-carrying conductors on the 
properties of the medium: 


Hm = рор. 
Here uo = 4л x 10-7 H/m is the magnetic constant, and 
1$ the relative permeability of the medium (see Table 21). 


A magnetic field exerts a force Fa (Ampére's law) on a 
current-carrying conductor: 


Fa = Bllsin а. 


If the conductor is perpendicular to magnetic field lines 
(о = 90°), we have 


Fy = ВП. 


The proportionality factor В is called the magnetic induction 
and is the force characteristic of the magnetic field. Magnetic 
induction is a vector quantity. The SI 
A,, Unit of magnetic induction is the tesla (T). 
" At any point in a uniform magnetic field, the 
5 magnetic induction has the same magnitude 
and direction. Therefore, such a field is 
7 graphically represented by parallel straight 
Fie. 60 lines with uniform density. 
E: The magnetic flux is equal to the number 
of magnetic field lines piercing a surface of 


area S if the magnetic induction vector coincides with the 
normal to this surface: 


Ф = BS. 


The SI unit of magnetic flux is the weber (Wb). 
he magnetic properties of a current loop are characterized 
by the magnetic moment Pinag (Fig. 60): 


Pan, = IS; 
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‚ А current-carrying loop in а uniform magnetic field of 
induction B experiences a rotational magnetic moment 


(torque) M: 
M = ISB sin с, 


where « is the angle between vectors B and P5,,. For a = 
90°, the torque will have the maximum value 


Мах = ISB = PmagB- 

A closed current-carrying loop of length J is displaced 
by a force Fa through a distance b. Consequently, the 
following work is done: 

А = Fab = ВІ. 


But 15 is the change in the area, AS, so 
А = BI AS, or A = I AQ. 


gnetic induction of a straight current-carrying 


The ma 
conductor is 
T 
B='m Sar ' 


ance from the current-carrying 


where r is the shortest dist у с і 
ыд hich the induction В is being 


conductor to the point at w 


determined. А 
The magnetic induction of the field produced by a circular 
Current is ; 
B= Un cp 
The magnetic induction of the field in a solenoid is 
Io 
В = ша И 


where oœ is the number of turns and J is the length of the 
solenoid. ce " 

The magnetic field inside а long solenoid is uniform. 
Therefore, the magnetic flux in the solenoid is 


I 
Ф = BS = um AS. 


also characterized by the magnetic 


The magnetic field is elated with the magnetic induction 


field strength H which ist 
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through the formula 
В = рН. 


The force acting оп an electric charge Q moving in a mag- 
netic field is known as the Lorentz force Fy: 


Ft = BvQ sina, 


where о; is the angle between vectors B and v. The Lorentz 
force is always perpendicular to the plane containing vectors 
B and v and hence does no work. Without changing the mag- 
nitude of the velocity of the charge, it only changes its di- 
rection and is responsible for centripetal acceleration. If 
a = 90°, we have 


mv? 
BvQ= í 
> 
i.e. a particle of mass m and charge Q moves in a circle under 
the action of force Fi. 


Worked Problems 


Problem 74. A direct current passes in the same direction 
through two parallel wires separated by a distance of 30 cm. 
The distance between the supports to which the wires are 
fixed is 50 m. The current in the wires is 150 A. Determine 
the magnitude and direction of the force with which the 
wires interact. 

Given: I, = I, = I = 150 A is the current in each wire, 
a = 0.3 m is the separation between the wires, and [= 
50 m is the distance between the supports. From tables, 
we find the magnetic constant Ho = 4л X 10-7 H/m and 
the permeability of air, =. 

Find: the force F between the wires (its magnitude and 
direction). 

Solution. Let us consider the distance between the supports 
to be the active length of the wires. Noting that 1 у а, 
we can assume that the wires are infinitely long so that the 
following formula is applicable for the force of interaction: 

12 
F = шр rid ’ 
4л x 10-7 H/m x 1 (150 A)? 50 m 
F= x03 m 0.75 H. 
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In order to determine the direction of the force acting 
between the wires, we shall analyze Fig. 61. The magnetic 
field between the wires is weaker (the magnetic field lines 
are directed against one another). In the outer region, the 
magnetic field lines have the same direction, and the mag- 
netic field is larger. Consequently, 


wirescarrying current in the same di- и e 

rection must attract each other. ( ТА Tom \ 
Answer. The force of attraction 8“ (o) yi ) 12 

between the wires is 0.75 М. не 


Problem 75. When а 0.5-m long 
Straight conductor carrying a cur- 
rent of 4A is at right angles to a 
uniform magnetic field, the field acts on it with a force of 
2.8 N. What will the force exerted by the same field on the 
conductor be if the angle between them is 30°? 

Given: 1 = 0.5 m is the length of the conductor, J = 4 А 
is the current in it, F, = 2.8 М is the force corresponding 
to 90°, and a, = 90? and а, = 30° are the angles between 
the magnetic field lines and the current in the first ahd the 
Second case. 

Find: the force F, acting on the conductor. 

Solution. Using Ampére's law F, = ВП sin o4, we deter- 
mine the magnetic induction of the uniform magnetic field: 


Ра _ 28Н cid 
B= Ilsino, ’ ^ 4Ax0.5mx1 -14 Т. 


Knowing the magnetic induction, we can determine the 
force exerted by the magnetic field on the current-carrying 
conductor when the angle between them is 30*: 


F, = ВП sin сз, Е,=1.4 Tx4 А x0.5mx0.5—1.4 N. 


Answer. The force acting on the conductor in the second 
case is 1.4 N. 

Problem 76. A 0.8-m long straight conductor moves in a 
magnetic field of induction 5 x 10-? T. The current in the 
conductor is 15 A. The conductor is at an angle of 30? with 
the magnetic induction vector. Find the force acting on the 
conductor and the work done by the magnetic field to move 


the conductor 1.8 m. "S у 
Given: В = 5 x 107? T is the magnetic induction of the 


field, Z = 0.8 m is the length of the conductor, / — 15 A 
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is the current in the conductor, « = 30° is the angle be- 
tween the direction of current J and vector B, and b = 1.8 m 
is the distance by which the conductor is moved. 
Find: the force F acting on the conductor and the work A 
done by the magnetic field to move the conductor. 
Solution. A current-carrying conductor in a magnetic 
field is acted upon by the force 


Е = ВП sin а, 
Е =5 х 10 Тх15 АХ 0.8 м х 0.5 = 0.3 М. 


Knowing the force acting on the conductor and the dis- 
tance by which it is moved, we can find the work: 


А = Fb, А = 0.3 МХ 1.8 m = 0.54 J. 


Answer. The magnetic field acts on the current-carrying 
conductor with a force of 0.3 N and does a work of 0.54 J 
to displace it. 

Problem 77. A 30-cm long solenoid contains 3000 turns. 
The diameter of each turn is 11 cm. Determine the magnetic 
induction of the field inside the solenoid for a current of 
1.9 A and the magnetic flux piercing each turn. What will 
the change in the magnetic induction and in the magnetic 
flux be if a carbon iron core is inserted into the solenoid? 

Given: 1 = 0.3 m is the length of the solenoid, № = 3000 
is the number of turns in it, d = 11 x 10-2 m is the di- 
ameter of a turn, J = 1.5 A is the current; from tables, 
we find the magnetic constant ц, = 4л x 107? H/m and 
the permeability of carbon iron, u = 3000. 

Find: the magnetic induction P, of the field in the solenoid 
without a core, the magnetic induction B, of the field in 
the solenoid with the core, and the corresponding magnetic 
fluxes Ф, and Ф,. 

Solution. Assuming that the solenoid is long enough for 
the magnetic field in it to be uniform and directed along the 
axis, the magnetic induction can be determined from the 
formula 


IN 
В = р —7—. 


In the absence of a соге, u = 1 (for ar). Then we have 


B, == 4n x 107 Him 158x00 =1.9 x 107 T. 
‚ош 
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In the presence of the core, the magnetic induction in- 
creases by a factor of jt: 


В. = 3000 x 1.9 х 10* Т = 57 T. 
The magnetic flux can be determined from the formula 
Ф = BS cos a. 


In the problem under consideration, o = 0 and cosa = 1, 
while 5 = zd?/4. This gives 
ла? 
Ф,= В -7—, 
-2 4 2 
q, = 42x10 neh distro x10 m? 48. 49-4 Wb. 


In the presence of the core, 
Ф, = 3000 x 1.8 x 107* Wb = 0.54 Wb. 


Answer. The magnetic field induction in the solenoid 
without a core is 1.9 x 10-? T and 57 T with the core. The 
magnetic fluxes in the solenoid are 1.8 м 10-4 and 0.54 Wb 
respectively. 

Problem 78. A current-carrying conductor is looped into 
a circle of radius 10 cm. The magnetic moment of the current 
loop becomes 0.314 А. m?. Determine the current in the loop 
and the maximum torque exerted on it by a uniform magnetic 
field of induction 5 x 107? T. 

Given: r — 0.1 m is the radius of the loop, pmag — 
0.314 А. m? is the magnetic moment of the loop, and 7 — 
5 x 10-3 T is the magnetic induction of the field. 

Find: the current J in the loop and the maximum torque 
Мтах. - d 

Solution. Knowing the magnetic moment of the loop, we 
can determine the current in it: pmag — IS, where 5 = лт, 


which gives Pmag — Тлг?, and hence 
0.314 A-m? 
Pmag za = 
= Ре. T= agro — 0 A 


The maximum torque can be determined from the formula 
M max = Рта. 
= 0.244 A-m? x 5 x 107? T = 1.6 x 107 №.т. 


М max 
e current in the loop is 10 A, and the maximum 


.TI 
AU tely 1.6 x 10 N-m. 


torque is approxima 
11-0530 
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Problem 79. A proton that has acquired a velocity while 
moving across a potential difference of 1 kV enters a uniform 
magnetic field of induction 0.2 T at right angles to the mag- 
netic field lines. Determine the radius of the circle in which 
it will move and the period of its revolution. 

Given: U = 1000 V is the accelerating potential difference, 
B = 0.2 T is the magnetic induction of the field, a = 90° 
is the angle between vectors B and v. From tables, we find 
the mass of the proton m, = 1.67 x 10-27 kg and its charge 
О = 1.6: 5« 10-1946, 

Find: the radius r of the circle and the period 7 of revo- 
lution of the proton. 

Solution. An electric charge (in our case, the proton) mov- 
ing in a magnetic field is acted upon by the Lorentz force 
Fy, = BvQ sin а, where с is the angle between vectors B 
and v. Since © = 90° and sin œ = 1, we obtain Fy, = BvQ. 
Since the Lorentz force is always normal to the plane con- 
taining vectors B and v, it does no work, i.e. it does not 
change the kinetic energy of the moving charge. The force 
only changes the direction of the velocity. Hence we can 
write BvQ = myv?/r, whence 


тру 

BQ 
In order to find the proton velocity, we can use the energy 
conservation law: the work done by the electric field U is 


equal to the kinetic energy acquired by the proton: QU = 
m,v?/2, whence 


r= 


этет C4 8x10-9 07406 Y- 
ex 2QU v= Vl 2x1.8x10 AZ uk 
тр 1.67 X 10-27 kg 
— 4.4 x 105 m/s. 


We can now determine the radius r of the circle: 


_ 1.67 x 407? kg x 4.4 x 405 m/s 
0.2 TX1.6x 10-15 C вош 


Given the proton velocity and the radius of its orbit, we 
can find its period: 


T= 2ar : 
v 


_ 23.14 x 0.023 т "t 
= 44х10 mis & 0:083 x10 5520.3 ps. 
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Answer. The proton moves in a circle of radius 0.023 m 
with period of revolution 0.3 us. 


Questions and Problems 


15.1. A looped flexible conductor tends to expand into а 
circle when a current is passed through it. Why? 

15.2. Using a d.c. voltmeter and a magnetic needle on a 
pivot, one can determine the side on which a generator is 
located in a two-wire d.c. cable. How? 


Fig. 62 
5 М 
Еіс. 63 


15.3. Determine the polarity of the electromagnets shown 
in Fig. 62. й à 
15.4. Determine the direction of the currents in the wind- 
ings shown in Fig. 63. oa 
о the polarity and the diréction of the 
magnetic field lines for the generator shown in Fig. 64. 
15.6. Determine the direction of motion of current-carry- 
ing conductors in the magnetic fields shown in Fig. 65. 
15.7. What will happen to a permanent bar magnet if the 
current in the solenoid has the direction indicated in Fig. 66? 
15.8. What will the motion of the coil be relative to the 
Solenoid for the direction of the current indicated in Fig. 67? 
15.9. What must the polarity of the magnet in Fig. 68 
be for the current loop to rotate clockwise? Through what 
angle will the loop be turned? 


И» 
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15.10. What is the force of the interaction between the 
wires of a d.c. trolleybus line over 30 m if the separation 
between the wires is 520 mm and the current in them is 
200 A? 

15.11. А d.c. transmission line is rated for a current of 
150 A. What is the separation between two wires if they 


Fig. 66 


Fig. 67 Fig. 68 


таи with а force of 2.8 х 10-1 № over а distance of 
m? 

15.12. Two parallel conductors carrying the same current 
are 25 cm apart. Determine the current in each wire if it 
experiences a force of 2 mN per metre. 

15.13. Two parallel wires are 6 cm apart. The currents in 
the wires are 15 and 10 A. Over what segment of the wires 
will a force of 1.4 mN act? 

or А 0.5-m long straight conductor carrying a current 
of 5 A is in a uniform magnetic field of induction 0.16 T. 
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Determine the forces acting on the conductor when the 
angles between the direction of current in it and the magnetic 
induction vector are 90°, 30°, and 0°. 

15.15. Determine the magnetic induction of a uniform 
magnetic field in which a 0.7-m long straight conductor 
carrying a current of 10 A is acted upon by a force of 42 mN. 
The angle between the direction of current and the magnetic 
induction vector is 30°. 

15.16. Using a strong horse-shoe magnet, one can deter- 
mine whether an incandescent lamp is connected to an a.c. 
or a d.c. source. How can this be done? 

15.17. A force of 0.6 М acts on a 1-m long straight conduc- 
ior placed in a uniform magnetic field at right angles to the 


Fig. 69 


current in the conductor is 12 A. 
d on this conductor be if the angle 
n it and the magnetic 
blem using two different 


magnetic field lines. The 
What will the force exerte 
between the direction of current i 
induction vector is 45?? Solve the pro 
methods. ; 

15.18. A conductor ММ made of a material with density p 
and having cross section 5 is suspended on two weightless 
unstretchable strings in a uniform magnetic field of induction 
B (Fig. 69). At what current will the tension 1n the string 
be zero? What must the direction of this current be? 

15.19. The magnetic field strength 10 cm from a long cur- 
rent-carrying straight conductor is 20 A/m. What force will 
act on each metre of this wire if it is placed in a uniform 
magnetic field with induction 2.5 T so that the angle between 
the direction of the current and the magnetic induction 


vector is 30°? 


15.20. Determine the current that must be passed through 
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a long straight wire to produce a magnetic field of the same 
magnitude 1 m away as the magnetic field of the Earth near 
its surface. The magnetic induction of the magnetic field of 
the Earth should be taken to be 5.5 x 10-5 T. 

15.21. Determine the magnetic field strength and the 
magnetic induction of the field produced by a straight con- 
ductor carrying a current of 7.8 A at a point 4.8 cm away. 

15.22. A straight conductor carrying a current of 10 А 
produces at a certain point a magnetic field of strength 
40 A/m. Determine the magnetic induction at this point and 
the distance between this point and the conductor. K 

15.23. Two long current-carrying conductors are arranged 
at right angles in the same plane (Fig. 70). Determine the 
resultant magnetic induction of the field at points M and N 
ИЛ = 10 A, J, = 6 A, MO = NO = 5 cm, and MC = 
NC, — 4 cm. 

15.24. A current-carrying circular conductor produces a 
magnetic field of strength 25 A/m at the centre. Determine 
the magnetic induction of the field and the radius of the 
loop if the current is 3.45 A. 

15.25. The induction at the centre of a circular current 
of radius 4 cm is 1.57 x 10-* T. Determine the magnetic 
field strength at the centre of the loop and the current. 

15.26. The current passing through a straight long con- 
ductor produces a magnetic field of induction 0.8 x 10-* T 
4.4 cm away. The permeability of the medium is 1.1. De- 
termine the current in the conductor and the magnetic field 
strength 16 cm away. 

15.27. Determine the magnetic moment of a circular loop 
carrying a current of 10 А and having a radius of 6.0 cm. 

15.28. The magnetic moment, of a current-carrying wire 
ring 15 cm in diameter is 4.2 x 10-? А. т?. Determine the 
current in the ring and the magnetic field strength at its 
centre. 

15.29. A wire ring of radius 5.0 cm carrying a current of 
6 x 10-? A is in a uniform magnetic field of induction 
1.2 x 10-? T. The plane of the ringis parallel to the magnet- 
ic field lines. Determine the maximum magnetic moment 
exerted by the magnetic field on the ring. 

45.30. A solenoid without a core is 100 cm long and con- 
tains 600 turns. Determine the magnetic induction of the 
field in the solenoid for а current of 0.4 A. 
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15.31. The current in a solenoid whose diameter is small 
in comparison with its length is 6.5 A. The solenoid is 65 cm 
long and contains 750 turns. Determine the magnetic field 
strength and the magnetic induction in the solenoid without 
a Core. 

15.32. The magnetic induction of a very long solenoid 
carrying a current of 3.0 A is 2.52 x 10-3 T. The solenoid 
is wound tightly in one row and has no core. Determine the 
diameter of the wire of which the solenoid is made. 

15.33. Determine the permeability of soft steel in two 
magnetic fields with strengths 1.5 and 5.0 kA/m respectively 
(see graph 22). How does the permeability change with 
increasing magnetic field strength during primary mag- 
netization? Why? 

15.34. Determine the magnetic induction in a nickel core 
and the magnetic flux if the strength of the uniform magnetic 
field in the core is 2.0 X 10% A/m, the cross-sectional area 
of the core is 30 cm?, and the permeability is 200. 

15.35. The winding of a solenoid without a core is made 
of a wire whose diameter is 1.0 х 10-3 m. The turns have a 
radius of 1.0 cm and are wound tightly. Determine the mag- 
netic flux in the solenoid for a current of 2.0 A. | 

15.36. A rectangular frame made of а wire carrying a cur- 
rent of 2.0 A is in a uniform magnetic field of induction 
0.10 T. The size of the frame is 4 x 5 cm®. In a certain po- 
Sition, the magnetic flux through the frame is 0.80 Se 
10-4 Wb. Determine the maximum magnetic flux in the 
frame when its plane is perpendicular to the magnetic field 
lines. Determine the work done in rotating the frame to this 
position. $ Р 

15.37. The magnetic induction in the core of an electro- 
magnet is 1.2 T and its cross-sectional area is 0.12 m?. De- 
termine the magnetic flux through the core. К 

15.38. A steel rod having а cross-sectional area of 4.5 cm? 
and a permeability of 160 is placed in a uniform magnetic 
field of strength 7970 A/m so that the magnetic field lines 
coincide with the normal to the cross section of the rod. De- 
termine the magnetic flux piercing the rods 

15.39. The magnetic field strength in a solenoid with an 
iron core is 1600 A/m. The cross-sectional area of the core is 
10 cm?. Determine the magnetic induction of the field and 
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the permeability of iron if the magnetic flux through the core 
is 2 x 10-4 Wb. 

15.40. An electron flies into a uniform magnetic field as 
shown in Fig. 71. Determine the direction of the force acting 
on the electron at the initial moment. What will its tra- 
jectory be? 

15.41. An electron moves in a uniform magnetic field at a 
velocity of 1.0 х 10* km/s at right angles to the magnetic 
induction vector. Determine the force 
acting on the electron for a mag- 
EE UE ATE netic field strength of 150 A/m. 

ВЕНА 15.42. An electron flies into a uni- 
TOT С form magnetic field with induction 
9.1 x 10-5 T. The electron velocity 
is 1.9 x 10? m/s and at right angles 

Fig. 71 to the magnetic induction vector. De- 

termine the radius of the circle in 

which the electron will move, the period, and frequency 
of its revolution. 

15.43. The Lorentz force exerted on an electron by crossed 
electric and magnetic fields is determined by the formula 
Fy, = eE + evB. What must the direction and magnitude 
of the electron velocity be for it to move uniformly in a 
straight line? 

15.44. An electron flies into a uniform magnetic field 
with induction 2.5 x 10-? T and moves in a circle of radius 
40 cm. The electron velocity vector forms an angle of 90° 
with the direction of the magnetic field. Determine the ki- 
netic energy of the electron. 

15.45. An electron having a velocity of 8.8 x 107 m/s 
flies into a uniform magnetic field of induction 6.28 x 
107? T. The angle between the velocity and magnetic induc- 
tion vectors is 30°. Determine the radius and the lead of the 
helical trajectory of the electron. Use the charge-to-mass 
ratio of the electron.to the third significant digit. K 

15.46. Two identical, singly charged ions fly at different 
velocities into a uniform magnetic field. What will the 
periods of their revolution be? 

15.47. An electron and a singly charged ion fly at the 


same velocity into a uniform magnetic field. What will the 
periods of their revolution be? 
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8 16. ELECTROMAGNETIC INDUCTION 


Basie Concepts and Formulas 


Electromagnetic induction consists in the emergence of an 
induced emf and induced current in a closed loop if the 
magnetic flux bounded by this loop varies with time: 


АФ 
& = АВ 


Let us suppose that а rectangular frame lying in a plane 
perpendicular to a magnetic field moves at a velocity v and 
leaves the magnetic field. Then the magnetic flux piercing 


the frame varies as 


АФ = —Blv At. 
Therefore, the induced emf can be written in the form 
ё, = — Вір. 


If vectors v and B form an angle a, we have & = —Blv sin а. 

Ап emf can also be induced in a stationary loop if the 
magnetic induction of the field varies over time. 

The direction of the current induced in a closed loop can 
be determined using the right-hand rule or Lenz's law. 
According to Lenz's law, the direction of the induced current 
is such that the magnetic field of this current opposes any 
change in the magnetic field inducing the current. 

Self-inductance can be regarded as a special case of elec- 
tromagnetic induction when a changing magnetic flux is 
produced by a current as it varies. For example, when a cir- 
cuit is closed, the self-inductance emf opposes (in accordance 
with Lenz's law) the increase in the current. When a circuit 
is disconnected, the self-inductance emf opposes the decrease 
in the current. For this reason, the induced current is di- 
rected against the main current when the circuit is connected 
and along the main current, when the circuit is disconnected. 
The self-inductance emf is proportional to the rate of change 
in the current in the circuit: 

AI 
2 =—В—р» 
e of the circuit and is determined 


Where L is the inductanc | 
in it and by the mag- 


by the size and shape of the conductor 
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netic properties of the medium containing the circuit. The 
SI unit of inductance is the henry (H). 

Since it is a component of electromagnetic field, the mag- 
netic field has energy which is given by 


1 1 1 9? 
W-.017—-—45LP-—4-——. 


Worked Problems 


Problem 80. A conductor AB is 0.6 m long and has a re- 
sistance of 0.2 ©. It can move along a copper busbars CD 
connected to a current source with an emf of 0.96 V and an 
internal resistance of 0.1 Q 
(Fig. 72). The resistance of the 
busbars is negligibly small. De- 
termine the current in the con- 
ductor if it (a) isatrest, (b) moves 
at a velocity of 0.5 m/s in a 
uniform magnetic field of induc- 
tion 1.6 T directed along the nor- 
mal to the plane of the figure 

Fig. 72 away from us. 

Given: 1—0.6 m is the length 
| : of the conductor, В — 0.2 0 is 
its resistance, & = 0.96 V is the emf of the current 
Source, r — 0.1 Q is its internal resistance, v = 0.5 m/s 
is the velocity of the conductor, and В — 1.6 T is the mag- 
netic induction of the field. 

Find: (a) the current I, in the stationary conductor and 
i ion current J, in the conductor moving in the magnetic 
ield. 


Solution. (a) If the conductor is at rest, the current in it is 
determined from Ohm's law for a circuit: 


fe 6 Иа 0.96 V 
t R+r? = зорго 92 А. 


(b) If the conductor moves at a velocity v in a uniform 
magnetic field, an emf £, is induced in it. If the conductor 
Is a part of a closed circuit, then a current is induced in it 
with a direction determined by the right-hand rule. In the 
problem under consideration, the induced current is directed 
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against the current 7,. Ohm's law in this case has the form 


_ 6-6 
=. 
Since &, = Вір, we obtain 
_ $—Blv 


а" 


Here we must note that the magnetic induction vector and 
the velocity vector are at right angles to each other. Hence, 


0.96 V —1.6 ТХО.6 mx0.5 шз ур , 
= 0.202019 1.6 A. 


Answer. The current is 3.2 A in the stationary conductor, 
and 1.6 А when the conductor moves in the magnetic field. 

Problem 81. A circular coil 10 cm in 
diameter is placed in a uniform magnetic 
field with induction 0.12 T so that the 
magnetic induction vector is normal to 
the plane of the coil (Fig. 73). Determine 
the number of turns in the coil if an 
emf of 0.942 V is induced in it as a re- 
sult of its rotation through 180* in 
0.14 s. . Fig. 73 

Given: B. — 0.12 T is the magnetic in- 
duction of the field, d = 0.1 m is the diameter of a turn, 


а = 180? is the angle of rotation of the coil, At — 0.14 s is 
the time interval, and & = 0.942 V is the induced emf. 


Find: the number N of turns in the coil. . 
Solution. When the coil is rotated, the magnetic flux 


bounded by the contour of the coil changes, and the emf 
induced in it is 


5 
= 


The problem statement indicates that before the coil is 
rotated the angle between its normal and the magnetic 
induction is со = 0, and the magnetic flux through the coil 
is Ф, = BS cos a. After the rotation, the magnetic flux 
becomes Ф, = BS cos &, where œ = 180°. The change in 
the magnetic flux is Q,— Ф, = AG, АФ = BS cos 180° — 
BS cos 0°, cos 180° = —1 and cos 0° = 1. Therefore, AD = 
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—BS — BS = —2BS. Since S = ad?/4, we obtain 
дф. _ Вий 


9 


Substituting the change in the magnetic flux into the ex- 


Bad? 


pression for emf, we obtain é; = N. Then the number 


2At 
of turns is 
_ 26; At 7 2XU0.942 V x0.lás — n 
N=- + МТВ хи 70 


Answer. The number of turns is 70. 

Problem 82. Determine the inductance of a coil in which 
the self-inductance emf induced by a change in the current 
from 5 to 10 A in 0.1 s is 10 V. What is the change in the 
energy of the magnetic field of the coil in this case? 

Given: I, = 5 A is the initial current in the coil, 7, = 
10 A is the current after time At, At = 0.1 s is the time 
during which the current changes, and £,—10 V is the 
self-inductance emf. 

Find: the inductance L in the coil and the change AW 
in the magnetic field energy of the coil. 

Solution. We write the formula for the self-inductance emf 


AI е : 
$6, = —L Ar and then determine the inductance of the 
coil: 
6sAt Es At 10 V x0.1s 9 
L AI II—I, ' bes 10 A—5 A 0.2 H. 
The magnetic field energies for currents 7, and I, are 


n з 
W, = = ME wae. 


2 a 


The change in the energy is then 


AW =W,—W, =i — EH Lb qp po, 


AW — 02 Н (49 Aya. (5 Ay] — 7.5 J. 


Answer. The inductance of the coil is 0.2 H, the energy of 
the magnetic field increases by 7.5 J with current. 

Problem 83. A solenoid with a nickel core has 1000 turns 
on 0.5 m, the cross-sectional area of a turn being 50 cm’. 
Determine the magnetic flux in the solenoid and the magnet- 
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ic field energy if the current in the solenoid is 10 A and the 
permeability of nickel is 200. 

Given: | = 0.5 m is the length of the solenoid, № = 1000 
is the number of turns, 5 — 5 x 10-3 m? is the cross- 
sectional area of a turn, J = 10 А is the current, u = 200 
is the permeability of nickel. From tables, we find the mag- 
netic constant шо == 4a X 1077 H/m. 

Find: The magnetic flux Ф in thesolenoid and the energy W 
of the magnetic field of the solenoid. 

Solution. The magnetic flux can be calculated from the 
formula  — BS. Since the magnetic induction of the field 


i А " IN 
of a solenoid with a core is В = pt 77^ We have 


esu pus. 


1 
Ф = 4л x 10-7 H/m x 200 додхо 5 х 10-3 m? 


—29:50«107*? Wh; 


c flux and the current, we can determine 


Gi i 
riven the magneti ‹ 
1 the solenoid: 


the energy of the magnetic field ir 
We San, aed acts A Whe OA 
oid is 2.5 x 107? Wb, 


Answer. The magnetic flux in the solen 1 V 
П he solenoid is 0.13 Ј. 


and the energy of the magnetic field int 


Questions and Problems 
16.1. Will an emf be induced in the con 
as shown in Fig. 74? 


ductors moving 


5 


Fig. 74 Fig. 

16.2. When the poles of а horse-shoe magnet are closed 

with an armature (Fig. 75), the pointer of the galvanometer 
is deflected. Why? 


174 Ch. IT. Fundamentals of Electrodynamics 


16.3. Determine the direction of the emf induced in con- 
ductors moving in uniform magnetic fields shown in Fig. 76. 
16.4. А rectangular frame in a translatory motion (a) 
enters a uniform magnetic field, (b) moves in it, (c) leaves 


{a} M /5) я 

CORR RUE RE PS d ap 

о e ө ә + + + + 

v В и 8 

a^ uk ° ° + + + + 

ME LAM ° + + 4 + + 
Fig. 76 


the field. The normal to the frame plane is directed along 
the induction line. Is an emf induced in the frame under 
these conditions? Why? 

16.5. A rectangular frame rotates in a uniform magnetic 
field about an axis parallel to the magnetic field lines. Is 
an emf induced in this case? 


16.6. Determine the direction of the current induced in à 
frame (Fig. 77) rotating in a uniform magnetic field in the 
direction indicated by the arrow. 

16.7. Two identical steel rods are brought close to a cop- 
per ring suspended in the vertical plane. In one case, the 
ring is repelled from the rod. Why? 

16.8. Determine the direction of the current induced in a 
Solenoid if a bar magnet is moved upwards in it (Fig. 78). 
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16.9. A bar magnet is caused to approach a copper ring as 
shown in Fig. 79. Determine the direction of the current 
induced in the ring. 

16.10. A permanent bar magnet is falling through a cop- 
per cylinder. Will the motion be free fall? 

16.11. A conductor that Ваз been folded in two moves in a 
uniform magnetic field crossing magnetic field lines. Is an 


Fig. 78 Fig. 79 


emf induced in the conductor? What would a galvanometer 
attached to the ends of the moving conductor indicate? 

16.12. What is the value of the emf induced in a circuit 
if the magnetic flux through it varies by 3.4 х 10-* Wb/s? 

16.13. A conductor of active length 15 cm moves at 10 m/s 
at right angles to the lines of a uniform magnetic field with 
induction 2.0 T. What current is induced in the conductor if 
it is short-circuited? The resistance of the circuit is 0.5 Q. 

16.14. A linear conductor of active length 0.7 m crosses 
à uniform magnetic field at an angle of 30 and at 10 m/s. 
Determine the magnetic induction of the field if the emf 
induced in the conductor is 4.9 V. 

16.15. Determine the emf induced at the ends of an aero- 
plane's wings moving horizontally at 900 km/h if the wing 
span is 36.5 m and the vertical component of the Earth's 
magnetic field is 40 A/m. Pa 

16.16. An electromagnet produces a magnetic field Hs 
strength 4 x 10° A/m in air at its poles. Assuming that the 
field is uniform, determine the minimum velocity of a солу 
ductor of active length 10 ст required for an emf of 1 V 
to be induced in it if the angle between the vectors of mag- 


А D LU 
netic induction and velocity is 90°. 
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16.17. A magnetic flux of 30 mWb piercing a closed circuit 
decreases to zero in 1.5 x 10-° s. Determine the average 
emf and current induced in the circuit. The resistance of the 
circuit is 4 Q. 

16.18. A straight conductor moves at a velocity of 4 m/s 
in a uniform magnetic field of induction 6 mT. The active 
length of the conductor is 0.3 m. What is the angle between 
the velocity and magnetic induction vectors if a potential 
difference of 3.6 x 10-? V is induced across the ends of the 
conductor? 

16.19. A solenoid contains 200 turns with a cross-sectional 
area of 80 cm?. The magnetic induction in the solenoid 
increases over 0.1 s from 2 to 6 T. Determine the average emf 
induced in the solenoid winding. 

16.20. What is the change in the magnetic flux in a coil 
over 0.05 s if the coil contains 1000 turns, and the emf in- 
duced in it is 120 V? 

16.21. Determine the self-inductance emf in a coil of in- 
ductance 0.5 H if the current in it decreases by 0.2 A over 
10-9 s. 

16.22. A voltage of 20 V is applied to a coil of inductance 
т" long does it take the current in the coil to reach 

16.23. The inductance of a circuit is 40 mH. What is the 
self-inductance emf emerging in the circuit if the current 
in it has changed by 0.2 A over 0.01 s? What is the change 
in the magnetic flux in the circuit in this case? 

16.24. The inductance of a circuit is 0.05 H. What is the 
magnetic flux piercing the circuit if the current in it is 8 A? 

16.25. Determine the inductance of a coil in which a self- 
inductance emf of 0.5 V emerges as a result of a decrease 
of 0.2 A in the current in 0.04 s. 

16.26. How can we increase the inductance of a solenoid? 

16.27. Why does a Strong spark appear when a knife- 
switch is used to disconnect a circuit containing a coil 
with a core? How can this effect be eliminated? 

16.28. A magnetic flux of 0.14 Wb is coupled with a cir- 
cuit whose inductance is 0.02 H. Determine the current 
passing in the circuit. 

16.29. At what current in a coil of inductance 40 mH is 
the magnetic field energy equal to 0.15 J? 

16.30. Determine the energy stored in the magnetic field 
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of a coil of inductance 85 mH if the current passing through 
the coil is 8 A. 

16.31. A charge of 6 x 10-? C for 0.01 s passes through 
the cross-section of a coil of inductance 12 mH for a long 
time. What are the magnetic energy and the magnetic flux in 
the coil? What will the self-inductance emf emerging at the 
moment the circuit is disconnected be if the magnetic flux 
drops to zero in 0.05 s? 

16.32. A circular loop of radius 5 ст is placed in a uniform 
magnetic field of induction 1.2 x 107? T so that the normal 
to the plane of the loop coincides with the direction of the 
field. The resistance of the loop is 3.1 Q. How much elec- 
tricity will pass through the loop if it is turned by an angle 
of 60°? 

16.33. One turn of insulated wire in the form of a planar 
square frame with side Г = 0.2 m is placed in a uniform 
magnetic field perpendicular to the magnetic field lines. 
Determine the current passing through the turn if the mag- 
netic field starts to decrease at a constant rate of 0.1 T/s. 
The resistance of the turn is 1 Q. 


12—0530 


Chapter Ш 


Oscillations and Waves 


8 17. MECHANICAL VIBRATIONS AND WAVES. 
SOUND AND ULTRASOUND 


Basic Concepts and Formulas 


A vibration (oscillation) is a periodical motion in which 
a body (particle) passes through its equilibrium position 
moving alternatively in opposite directions. 

The time taken for a vibration to be completed is called 
the period 7, while the quantity reciprocal to the period is 
known as the vibration frequency v: 


gre ИГ. 


The frequency is th number of vibrations that occur per 
second. The unit of frequency is the hertz (Hz). 

The most important type of vibration is the harmonic 
vibration (harmonic motion) caused by a force proportional 
to the displacement x. The displacement of a point under- 
going a harmonic motion is given by the equation 


x = sin (wt + фо) 


where A is the amplitude of vibration, wt -+ фу = Фф is the 


phase, фо is the initial phase, and w is the circular frequency: 
€ = 21v, ог ө = 2n/T. 


The unit of circular frequency is the radian per second 
(rad/s). 

Remark. In the equation for a harmonic motion, A is the 
maximum displacement (zma,) and can be denoted by X. 
By analogy, the amplitudes of velocity (Vmax) and acce- 
leration (@max) can be denoted by V and A respectively. 

A simple pendulum (a particle suspended on a weightless 


unstretchable string) has the following period for small 
vibrations: 


Т=2л V l/g. 
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For a load of mass m vibrating on a spring with spring con- 
Stant k, the circular frequency and the period are given by 


o= Мт, T «2x V m/k. 


А vibrating body has a potential and a kinetic energy. 
For a load vibrating on a spring, the total energy of the 
vibrations is given by 


wate. 


For an arbitrary displacement z, the energy of the load is 


mv? 


ИИ, =. 


Па particle vibrates in a medium, it causes neighbouring 
particles to vibrate, and a wave propagates in the medium. 
The velocity v and the wavelength А of the wave are related 
thus й 

р = МТ, ог v = №. 


The velocity of a wave does not depend on the frequency 
of vibrations and only depends on the properties of the me- 
dium. Therefore a transition to a different medium causes 
the velocity and wavelength to change, while the frequency 


remai ; 
peni аара from 16 to 20000 Hz can be 


Waves having frequencies і i 

perceived by the human ear and are known as oe (sound) 
А А 

waves. The velocity of sound is usually denoted by c. 


Worked Problems 

Problem 84. A boy rocks up and down on a board. The 
time he takes to move from the upper position to the lower 
position is 1.5 s. What is the frequency, circular frequency, 


and period of the vibrations? © р 
[es t = 1.5 s is the time during which the boy moves 


from the extreme upper to the lower position. 
Find: the frequency v of the vibrations of the boy on the 


board, the circular frequency o. and the period 7 of the 


Vibrations. à : 
Solution. In this case, the period of the vibrations can be 


defined as the time elapsed between two successive upper- 


12* 
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most (or lowermost) positions of the boy. Thus, 
Е 


The frequency and the circular frequency can be deter- 
mined from the formulas 


v = ИТ, o = 2nv. 
Substituting in the numerical values, we obtain 
L-—0.33 5-1 = 0.33 Hz, 
3s 


© —2 X Tag X 0.33 51 = 2.1 rad/s. 


T—2x15s-3s,v— 


Answer. The frequency of the vibrations is 0.33 Hz, the 
circular frequency is 2.1 rad/s, and the period is 3 s. 
Problem 85. The coordinates of a point are defined by the 
equation 
х = 1.2 cos л (20/3 + 1/4). 


Determine the amplitude, circular frequency, frequency, 
period, and the initial phase of the vibrations. Determine 
the amplitudes of velocity and acceleration. What will the 
phase be in 0.375 s after the beginning of motion? 

, Given: x = 1.2 cos n (21/3 + 1/4) is the equation of mo- 
tion of the vibrating point, t = 0.375 s is the time elapsed 
after the beginning of vibrations. 

Find: the amplitude X, the circular frequency o, the 
frequency v, the period T, theinitial phase q,, the amplitude 
V of velocity, the amplitude А of acceleration, and the 
phase q at the instant ¢. 

Solution. Let us first transform the equation to a form 
containing a sine instead of a cosine. We know from trigo- 
nometry that cos œ = sin (о + 1/2). Hence 


t = 1.2 cos л (21/3 + 1/4) 
= 1.2 sin [x (20/3 + 1/4) + x/2] 
= 1.2 sin [21/3 + л/4 + 2/2] 
= 1.2 sin (2731/3 + 37/4). 
Comparing this equation with the equation of harmonic 


motion z = X sin (o£ + Фо), We obtain X = 1.2 m, о = 
27/8 rad/s = 2.1 rad/s, фо = 37/4 rad = 2.36 rad. 
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The frequency, period, and phase can be determined from 
the formulas 


у = g/2n, T = ilv, ф = wt + po- 


In order to find the amplitude of the velocity, we must 
differentiate the equation of motion. We obtain 


2 — Xo cos (ut + Фо), or v= V cos (o£ + Фо). 


Hence V = X o. : 
To find the amplitude of the acceleration, we must dif- 


ferentiate the velocity equation 


“= — Vo sin (wt + Фо), 
or 

а = —А sin (wt + Фо). 
Непсе 


А = — Vo = —Хо'. 
Substituting in the numerical values, we obtain 


.. 2лтай/5 | 0.33 T2123 S, 
v—-3xxuap = 0-33 He 5 


p= 2л rad/s 0.3758 F A rad — 3.14 rad, 


V=1.2mx AE st=25 m/s, 


4m* v2. —5.27 m/s?. 
А= —12mx-$—-5 m 


of the vibrations + is у he 
i i i the 
circular frequency is 2.1 rad/s, the frequency is 9.99 117, 
period is 3 8, the initial phase is 2.36 rad, the velocity am- 
Plitude is 2.5 m/s, and the acceleration amplitude is 
—5.27 m/s?. The phase in 0.375 s after the beginning of mo- 
tion is 3.14 rad. Єт REL 
Problem 86. A load of mass 100 g is fixed on a spring (see 
Fig. 85) with constant 100 N/m. It is displaced 3 cm from 
the equilibrium position and receives a velocity of 10 cm/s. 
What are the potential and kinetic energies of the load at 


Answer. The amplitude 
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the initial moment? What is the total energy of the load? 
Write the equation of its motion. 

Given: m — 100 g — 0.1 kg is the mass of the load, 
k = 100 N/m is the spring constant, x = 3 em = 0.03 m 
is the initial displacement of the load from the equilibrium 
position, v — 10 cm/s — 0.1 m/s the initial velocity of the 
load. 

Find: the potential energy Е ро of the load at the initial 
moment, the kinetic energy Еу, of the load at the initial 
moment, the total energy Ё of the load and the equation of 
motion. 

Solution. The potential and kinetic energies of the load 
can be determined from the formulas 


kz* mv? 
Е = 9-5 Exo = —3— о 


The total energy of the load is 


Е = Epo + Exo. 


In order to write the equation of motion, we must find 
the amplitude A, the circular frequency o, and the initial 
phase of vibrations. It should be noted that the initial dis- 
placement of the load is not the amplitude since in addi- 
tion to the initial displacement the load receives a veloci- 


ty. However, the total energy can be expressed in terms of 
amplitude: E = kA?/2, whence 


A= y 2E/k. 


The circular frequency can be found from the formula 


o= V kim. 


, In order to determine the initial phase, we write the equa- 
tion for harmonic motion in the general form: 
r= А sin (ot + Фо). 


At time £ = 0, 


the equation has the form z — А sin Фо, 
whence 


Фо = arc sin (z/A). 
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Substituting in the numerical values, we obtain 


Ey =e ха 107+ т? | /5x 40-2 J, 
Ei 0.1 kg хои m?/s? —5x10^ J, 


Е = 4.55 x 107° J, 


2x4.55x1021 — 0-2 
А T 3.017 x 10-2 m, 
a 100 N/m . 
o= Cig edd rad/s, 
Pa == are sin -ary = aro sin 0.9945 = 1.4658 rad. 


Answer. The potential and kinetic energies at the initial 
moment are 4.5 x 10-2 J and 5 X 10-4 J respectively, the 
total energy is 4.55 x 107? J. The equation of motion for 
the load has the form z = 3.017 X 107? x 
Sin (31.6¢ + 1.4658). : 

Problem 87. What will the change in the 
Period of oscillations of a pendulum Бе in a 
B moving upwards with an acceleration of 

.9g? 
T aa а = 0.3g is the acceleration of the 
Mt. 

Find: the period T of oscillations of the 
pendulum. Ў 

Solution. Let us go over to а coordinate 
System fixed to the lift. Then the pendulum Fig. 80 
Will experience the action of an аа ае 
equal to ma and directed against the acce ere- 
tion a. То бау this, let i consider the pendular attest, 
t is acted upon by the tension F of the string an i m "i 
of gravity mg. Now let the pendulum move wih e acer 
eration a together with the lift (Fig. 80). We write ew? 
Second law 


F — mg = ma, or F = m (g + а). Р 

Thus, the weight of the load as if increases А respuat 
та which is known as the inertial force. We TE bve i 
g in the formula for the period of oscillations by & ] 


T —2n y ig o). 
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In the absence of acceleration, we have 
То=2л V lg. 
Dividing these two equalities termwise, we obtain 


T dI - g 
aes — = ЕА 
т, V 1+ 5 0 


gra" 
Substituting in the numerical values, we obtain 


T=T, 


8 T Lat 7 
ро = Wee 4-08. 


Answer. The period of oscillations of the pendulum will 
decrease by a factor of 1.14. 

Problem 88. Using vector diagrams, determine the ampli- 
tude and phase of a vibration which is the resultant of three 
harmonic vibrations т, = sin ot, Ta = 2sin (wt + 2/2), 
and т; = 2.5 sin (wt + x). Write its equation. 

Given: z, = sin ot, z, = 2sin (wt + 1/2), and i= 
2.5 sin (ot + 7) are the component vibrations. 

Find: the amplitude А and the initial phase фо. Write 
the equation of the resultant vibration. 

Solution. From the given equations of harmonic motions, 
we can determine the amplitudes and the initial phases: 


(a) [7] 
№ ^ 4 
A; A; 4574 
Fig. 81 
4,—1m,4,—2 m 1 = 2.5 = 
‚ A, ; and A, = 2.5 m, фу = 0, = 
3/2 rad, and Pos = trad. “ A a 


; sing vector dia ations of the same 
Tequency. In the case under consideration, this condi- 
tion is satisfied 


grams, wecansum vibr 


three vectors yields th 
vibration. Figure 81 
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A,, and Аз and slopes 0, 2/2, and x. Let us first compose 
the vectors lying on the same straight line (Fig. 815), and 
then find the required vector using the parallelogram rule 
(Fig. 816). 

Thus we get 

Ag — А, = 1.5 m, 

A= V ALT (А. - A). А=И 4 m:4-2.25 ш = 2.5 m, 

А 2 5097 

віп = —5- — 0.8, а= 53°8', 

ф = 180° — о = 126*52' = 0.705л. 


Answer. The resultant vibration has an amplitude of 
2.5 m and an initial phase of 0.705 rad, and is described by 
the equation х = 2.5 sin (wt + 0.7052). 


Questions and Problems 


17.1. What is the period of the vibrations of a particle 
if it completes a single vibration in 5 $ i 

17.2. The vibration frequency of a рари is 2 Hz. How 
many vibrations does it complete in 1 $5  , ; А 

17.3. A particle performs 60 complete vibrations in 2 
min. What are the period and vibration frequency? 

17.4. A load suspended on a spring vibrates at a на 
of 0.4 Hz. Determine the circular frequency and the perio 
of vibrations. 5 і 

17.5. А ball is dropped on the floor. 0.9 s after deis 
the ball reaches the upper point of its бавен аа 
that the impact of the ball against the floor is y ectly А 5 
tic, determine the period and frequency of the mo 107 

17.6. Will the mode of the vibrations of a tuning tor 
change if it is immersed in water? | АКЕ А 

17-7. d persian is immersed in a liquid and s d 
leased. In 1/8 s, it attains its equilibrium ege ae e 
are the areometer's frequency and period o vi oo 

17.8. Figure 82 shows three pairs of | pendulums. 
What i es relative to each other’ 

Dn = record player turns at 33 cup cod 
per minute. Determine the circular frequency of the disc. 
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17.10. The angular velocity of the drive wheel of an au- 
tomobile is 30 rad/s. What is the frequency and the period 
of motion of the engine piston on direct gear? 


0) (5) ft) 

22 2 2 2 2 “wy 
E as 
x x lx [23 
| | и v | | 
| | = 20 І 

v0 и:0 v-g м0 
Fig. 82 


17.11. A merry-go-round turns through 90? in 0.5 s. De- 
termine its frequency, period, and circular frequency. 
17.12. The motion of a body is described by the equation 


x = 4.25 sin (0.34 + 0.75). 


What is the amplitude, circular frequency, initial phase, 


and the period of oscillations? What is the phase at the in- 
stant t = 0.5 s? 
17.13. The equation of а harmonic motion has the form 


x= 0.02 sin Fu. 


Determine the displacement of the body from the equilib- 

rium position att, = 0, № = Т/А, t, = T/2, and t, = 77/12. 
17.14. Using the conditions of Problem 17.13, determine 

ae phase of vibrations for = T, t, = T/2, and t, = 
/4. 


17.15. The position of a vibrating particle is determined 
by the equation 


v — 0.05 sin ot. 
Determine the displacement of a particle if the vibration 
phase is 7/4. 
17.16. The e 


quation of a harmonically vibrating particle 
has the form 


t=1.2sinn (34). 


Determine the displacement of the particle at the instants 
4 = 0, t, = 77/24, and t, = 117/24. 
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17.17. Using the conditions of Problem 17.16, determine 
the coordinate of the particle at t = 177/24, 1, — 21, 
із = 37/8. Plot the graph = =f (0). 

17.18. The position of a vibrating body is described by the 
formula x = 8sinot. Determine the displacement of the 
body if the vibration phase is 30°. 

17.19. Determine the amplitude of the vibrations if the 
displacement of a particle at a phase of 45° is 10 cm. 

17.20. Using the graph of the vibrational motion of a 
particle, shown in Fig. 83, determine the amplitude, fre- 


x, 10] 
6 
4 
z 
0 
05 ts 
2 425 
4 
Fig. 83 


quency, period, and the initial phase of the vibrations. Write 


the equation of motion. "ncm 
17.21. The law of vibration of a particle is ap ie 
graphically in Fig. 83. Determine the displacement of the 
particle at t = 57/12. 
17.22. Given the equations of 
bodies 
(а) 2; = 2 sin 0.5л (2t + 1), 
x, = 3 sin (at + 1.57), 
(b) z, = sin (wt + 1/2), 
Z_ = cos al. 


Indicate the phase difference in their vibrations. р 
17.23. Using the equations of vibrations of two bodies, 


determine their phase difference: 
1 
a, = 0.4 cos 1.5% (t+ 3) н 


), 2. =0.02 cos 1/3 (0.750 — Зл). 


harmonic motion of two 


У 314-5 
(а) х, = 0.1 sina m. 


(b) z, — 4 sin 1/4 (ot t 77 


188 Ch. ПТ. Oscillations and Waves 


17.24. Write the equation of a harmonic motion if 

(а) o = л, z, = V3tort, = 0, and X, = 1 for t, = T/4. 

(b) z, = 0 for = 1, x = V 3/2 for ta D, and ay = 
—3/2 for t; = 3. 

17.25. Write the equation of a harmonic motion if 

(a) A = 9 cm, v = 20 Hz, 

(b A —5 m, v = 0.5 Hz, Фо Corresponds to 7/8, 

()4 —1m, T —6 s, Фо = — л/4. 


17.26. А body floating on the surface of a liquid is immersed 
to a depth of 10 cm and then released. It starts to vibrate 
at a frequency of 2 Hz/s. How long does it take the body to 
move 5 cm from its equilibrium Position? Determine the 
time required for the body to traverse a distance of 5 ст from 
the point of maximum deviation. What distance will the 
body cover in 10 s? The vibrations should be assumed to be 
undamped. 

17.27. A pendulum consists of a ball suspended on a string. 
What forces cause it to oscillate? What is the direction of 
the restoring force? At what point is it at a maximum? 
At a minimum? 

17.28. A ball suspended on a string performs small oscil- 
lations about the equilibrium position. How does the veloc- 
ity of the ball vary during one period? Can the motion of 
the ball be defined as uniformly variable? Why? 

17.29. Two balls of the same size, one aluminium and one 
lead, are suspended on strings of equal length. The balls are 
deflected through the same small angle and released, Will 
the periods of their oscillations be the same? 

17.30. Will the two balls in Problem 17.29 come to a 
halt at the same time? If not, which stops oscillating first? 

17.31. At what position does a pendulum have the maxi- 
on and velocity? 
ng force acting on a simple 
deflection angle of 45°. 


í з ѕ of a pendulum if the driving 
orce is equal to 1 N ata deflection angle of 30°. 
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17.36. The pendulum of a clock consistsof a metal rod and 
a load that can be fixed at any point along the rod. How will 
the pace of the clock change with decreasing room tempera- 
ture? How can the correct pace be restored? 

17.37. What will the change in the period of oscillations 
of a pendulum be if its length is increased fourfold? 

17.38. How should the length of the pendulum of a clock 
be changed for it to keep correct time on the Moon? 

17.39. Determine the oscillation periods of a 1-m long 
pendulum in Moscow (g — 9.816 m/s?) at the North pole 
(g = 9.832 m/s?), on the equator (g = 9.78 m/s?), and on the 
Moon (g = 1.63 m/s’). 7, 

17.40. The pendulum mounted in the St. Isaac's Cathe- 
dral in Leningrad is 98 m long and completes 181.5 oscilla- 
tions per hour. Using these data, determine the free fall 
acceleration in Leningrad. 2 

17.41. What will the speed of а pendulum clock be in (a) 
a uniformly ascending lift? (b) a lift falling freely to the 
ground? What effect will the phase of the pendulum's oscil- 
lations at the moment the lift starts falling have? à 

17.42. A ball of mass m is suspended on a aee 
unstretchable string. The period of its к t 
In addition to the force of gravity, a force F acts on the " 
along the vertical. What must the direction and oe Eig 
of this force (in comparison with the force of eg e 
for the oscillation period to be (а) 270, (b) 0. pM 

17.43. What must the force F be (see Problem 17.42) to 
sto n’s oscillations? 

f Ad: Ра force F acts on а ball (see Problem 
17.42). What must the ee Sls geet Bot 

M ravi г the 05 

a m 0.9407. ee aTa? What will be the equilib- 
rium position? Draw a diagram. 4% 

17.45. A pendulum consists of a metal ball of Ade у га 
and a silk thread. А charge of 10 "€ verbom p jos “an 
and i lectric field with str e à 
is M ge will the mode of the pendulum 5 асе 
tions change? What will the ratio of the oscillation periods 


be in the two cases? 
17.46. A seconds pend 
cillation period of 1 s) 1 


ulum (viz. а pendulum with an os- 
s in a train moving with accelera- 
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tion a = 0.458g. Determine the period of oscillations of the 
pendulum. А 
17.47. А pendulum the period of whose simple oscilla- 
tions is 0.5 s is in a lift descending with acceleration a — 
0.19g. What is the frequency of its oscillations? 
17.48. A load is fixed on a spring as shown in Fig. 84. 
When it is set vibrating along the vertical, the load is acted 


WE 


m v rà 
Fig. 84 Fig. 85 


upon by the elastic force of the spring and the force of grav- 
ity. Will the load's oscillations be harmonic? What effect 
does the force of gravity mg have? 

17.49. One end of a spring with a constant of 50 N/m 
is fixed, and a 1-kg load is suspended from the other end. 
Determine the vibration frequency of such a pendulum. 

17.50. The period of vibrations of a spring pendulum is 
0.25 s. What is the spring constant if the mass of the load 
is 200 g? 

17.51. A body of mass 0.5 kg fixed to a spring stretches it 
by 1 cm at rest. When it is displaced by 3 cm downwards and 
released, it starts vibrating harmonically. Determine the 
amplitude, circular frequency, period, and initial phase. 
Write the equation of motion. 

17.52. A body of mass 800 g is fixed to a spring with con- 
Stant 40 N/m and vibrates as Shown in Fig. 85. The ampli- 
tude of vibrations 13 2 cm. What is the energy of vibrations? 
Determine the maximum velocity and acceleration. 


17.53. The motion of à body whose mass is 2 kg is de- 
Scribed by the equation 


2 — 0.8 sin (зи + +) А 
Determine the ener 
energy depend on 


17.54. A load of 
with constant 1000 


gy of the vibrating body. How does the 
the initial phase? 

mass 1 kg is suspended from a spring 
N/m and placed in a rocket that is 


& 17. Mechanical Vibrations and Waves 191 


launched with acceleration а = 2g. When the engine is 
switched off, the load starts vibrating. What is the energy of 
the vibrating load? What is its velocity when the load is 
0.5 em away from its equilibrium position? What are its 
kinetic and potential energies at this point? Write the equa- 
tion of motion, assuming that the free fall acceleration g 
does not change during the flight. 

17.55. The equation of motion of a particle has the form 


А —0. 1 
х= 6 соѕ 0.2 sina : 5 z cos (a 5 — 0-12). 


Write the equation in a more convenient form and determine 
from it the amplitude, frequency, period, initial phase, and 
circular frequency of the vibrations. 

17.56. A watch with a spring and a pendulum clock are 
mounted on a rocket being launched vertically upwards fly- 
ing with an acceleration a, = g for 30 s, after which its 
engines are switched off. When it is 980 m from the surface 
of the Earth, the rocket begins slowing down and lands soft- 
ly. What is the difference between the clock readings? 

17.57. Plot the graphs of harmonic motions described a 
a equations (1) х = 2sin ot, (2) == 3sin ot/2, an 

x = 2 зіп (wt + л). \ S 
à; а. Figure mE the graphs of five vibrational um 
tions. Determine the amplitudes of vibrations at and V. 
What is the amplitude of the A vibration? Compose 
vibrations ZZ and V graphically. . М 

17.59. Сотроѕе vibrations I and II and I and Yee 
86) analytically and graphically. Determine the amplitude 
of t у ibrations. j 

рее diagrams determine the peque Я 
the resultant vibrations (es Fik- D (а) Г and IV, (b) 
I I, ‚ ап j i 

du ee pad diagram, determine the phase io 
in the composition of vibrations I, ТИ, and IV (see Fig. 
86 


i i ine the amplitude 
17.62. Using vector diagrams, determine tne. 
and phase ot the vibration obtained by subtracting V from 


IV (see Fig. 86). - РЕН е 
B n the motion of a particle participating in 


а wave motion. 
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Fig. 86 
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17.64. Figure 87 shows the shape of a transverse wave. 
The wave propagates to the right. Use arrows to indicate the 
directions of the individual particle velocities. 

17.65. Determine the directions in which the waves in 
Figs. 88a and b propagate. The arrows indicate the direc- 
tions of the velocities of the particles. 

17.66. On what does the propagation velocity of a trans- 
verse wave at the boundary between two liquid media de- 
pend? 

17.67. A wave propagates over the surface of water at a 
velocity of 3 m/s. What will the velocities of the particles be 
on the crest of the wave? 

17.68. In southern countries, surfing (riding a board on the 
crests of waves) is very popular by the sea. At what velocity 


Fig. 88 


Fig. 87 


a surfer if the wavelength is 25 m and the 


i i i ri 1.5 s? 
wave particles vibrate with a period of Р J 
17.69. In which medium is the velocity of sound higher: 


i i гор: in vacuum? 
air or iron? Can sound propagate 1n ] - 
à we sometimes hear а creak. 


17.70. While opening a door, D } 
What is the sain of this sound? What is the role of the 
s f li letermine the ve 

17.71. Which properties of а medium ¢ Е 
locity of sound? а py taking air and water as examples. 

17.72. What does the velocity of sound in a given medium. 
say, air depend on? 

17.73. Why do people press ап ea 


know wl train is coming? 
À 17 D putet e strikes the surface of the Moon. How 


long will it take for sensitive instruments on the Earth to 
detect the sound of the explosion? 


13—0530 


does a wave carry 


r against the rails to 
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17.75. If a vibrating tuning fork is held against a table, 
the sound becomes much louder. Why? 

17.76. A vibrating tuning fork is first held in the hand and 
then its end is brought in contact with a table. In which case 
does the sound cease sooner and why? 

17.77. The human ear has its greatest sensitivity in the 
frequency range 1.5-3 kHz. Determine the wavelengths cor- 
responding to this range if the velocity of sound is 340 m/s. 

17.78. Sound propagates in air at 330 m/s for a vibration 
frequency of 0.5 kHz. Determine the shortest distance in 
the propagation direction between two points vibrating in 
phase. 

17.79. If sound waves propagate in a medium at 340 m/s 
and a frequency of 500 Hz, what is the phase difference of 
two particles of the medium 17 cm apart? The particles lie 
on the line along which the wave propagates. 

17.80. If we blow over the open end of the cap of a foun- 
tain реп, a whistling sound is produced. Explain its origin. 

17.81. The cap in Problem 17.80 is 5.5 ст long. What is 
the frequency of the emerging sound? 

17.82. The frequeney of a tuning fork's vibrations is 
1.38 kHz. How long is the vibrating part of the tuning fork? 
The velocity of sound is 332 m/s. 

7.83. How will the frequency of the sound produced by a 
tuning fork change with decreasing temperature? 

17.84. The length of an acoustic wave of the same fre- 
quency in air is a factor of 4.25 smaller than in water and 
à factor of 10.7 smaller than in brick. Determine the velocity 


of sound in water and in brick assuming that the velocity of 
Sound in air is 340 m/s. 


17.85. What is the change in frequency, period of vibra- 


tions, and wavelength of sound when it passes from air to 
steel? The velocity of sound in steel is 5000 m/s. 

17.86. Determine the depth of a sea if the response from 
ап echo sounder is received in 1.6 s, and the velocity ol 
Sound in water is 1500 m/s. 


17.87. Ultrasound is used to find defects in large bodies. 


At what depth is a defect inan aluminium component de- 
tected if the first reflected signal is received айег8 x 10-65, 


and the second, after 2 х 10-5 s? What is the height of the 


component? The velocity of sound in aluminium is 510 m/s. 
- À person heard a clap of thunder 9 s after he saw the 
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сар of lightning. At what distance from the discharge was 
he? 

17.89. A thunderstorm takes place 4.5 km away from an 
Observer. What is the time interval between seeing the 
lightning and hearing the thunder? 

17.90. A ship surveying the bottom of the ocean moves at 
36 km/h. What is the percentage error in the measured depth 
due to the motion of the ship? What is the error for a depth 
of 3000 m? 


8 18. ALTERNATING CURRENT 


Basic Concepts and Formulas 


Ап alternating current is one that periodically changes its 
direction in a circuit so that the current averaged over a pe- 
riod T is zero. ) р б 
Alternating current is produced by vibrational inotion of 
Charge carriers, viz. electrons. Е 
When a frame is rotated in a uni 
emf is induced across its ends: 


е = Emax Sin of, 
where e is the instantaneous emf, Emax is the marimi 
(amplitude) emf, and w is the angular velocity of Tota fian j 
the frame and the circular frequency of alternating emf. 


he period and frequency are 
2n 1 


Dee ir 


hich heat is liberated due to the pas- 
sage of a current through it is known аз ohmic resistance. 
If the frame is connected to a load with an ohmic ape pe. 
ап alternating electric current will pass trongt ia an an 
alternating voltage will appear across the terminals: 


i = Трах sin wt, и = U max 


form magnetic field, an 


The resistance R in w 


sin wl. 


Here u = iR f 
An alternating current (a.c.) is emoivalept ton meron 
rent of the same power. The effective values of alter g 


voltage and current are 


| one 
Umax -max 
U= р m Vi 


13* 
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Ап a.c. circuit containing a coil of inductauce L has an 
inductive reactance 
Xp = oL. 
An a.c. circuit including a capacitor of capacitance C 
has a capacitive reactance: 
- 1 
heroe ed 
oC 
The reactance of a circuit containing a capacitor, a re- 
sistor, and an inductance coil in series is given by 


X=X, — Xo, 
while the impedance is 


Z= VR (Хх, Хо. 

The relation between Z, R, and X is presented graphically 
by a triangle (Fig. 89), i.e. obeys the rules of geometric com- 
position. The angle « in the figure is 
the phase difference between current 
and voltage. , 

Using the amplitude and effective 
7 values, we can write Ohm's law for 

^ an alternating current, i.e. 
Fig. 89 


Umax = Тай о U = 2 


a reactance, the current in the circuit 
he voltage. If we assume that the ini- 
ent is zero, the voltage across the induc- 
the current by 2/2, while the voltage 
Pacitive reactance lags behind the current by 
е, only in an ohmic resistance do the current 
oscillate in phase. Hence, alternating currents 
and voltages cannot, be added algebraically, as was the case 


for direct current. The composition is carried out using 
vector diagrams in which the emf, voltage, and current are 
depicted by vectors emerging from the origin and forming 
with the abscissa axis an angle equal to the initial phase- 

he average power liberated in an a.c. circuit is 


а 
А 


In the presence of 

not in phase with t 
tial phase of thecurr 
live reactance leads 
across the ca 
2/2. Therefor 
and voltage 


p I Ua 
P= a a maz cos ( = IU cos Ф. 
In electrical engineering, 


the concepts of active, reactive: 
and total power are introdu 


ced. The active power P is asso- 
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ciated with the conversi icé i 
Per eds » 1e conversion of electrical energy into heat and 
P= FR. 
The unit of active power is the watt (W). 
The reactive power Q is given by 
Q=FX, or Q = PXc. 
The unit of reactive power is the var (volt-ampere reactive). 
The total power 
= FZ 
Fr ae with P and Q through the power triangle 
(Fig. 90). The unit of total power is volt-ampere (VA). 


The active power is the average pow- 
er liberated in the circuit. The reactive 


Power is associated with energy trans- $ a 
mission from the generator to a circuit 

and back (it is stored in inductance coils Р 

and capacitors). The reactive power av- Fig. 90 


eraged over a period is zero. 
The active, reactive, and total power can be expressed in 
terms of the effective current and voltage in the circuit: 


P = IU cos q, Q = IU sing, 5 = IU. 
or. It can be found as the ratio 


Here cos ф is the power fact 
dance or of the active power to 


of the resistance to the impe 
the total power: 
R P 
COS ES 


Worked Problems 


_ Problem 89. A resistor 
inductance 0.0398 H, an 
159 ЦЕ are connected in series 


Voltage across the circuit com 
cuit. What is the phase difference between the voltage and 


the current? Determine the impedance of the circuit. What 
will happen if the capacitive and inductive reactances are 
equal? The frequency of the alternating current is 100 Hz 


and the current is 2 A. Plot the vector diagram. 


with resistance 20 Q, a coil with 
d a capacitor with capacitance 
to a generator. Determine the 
ponents and in the entire cir- 
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Given: R — 20 Q is the resistance, L — 0.0398 H 
3.98 x 107? Н is the inductance of the coil, C = 159 uF 
1.99 x 10-* Е is the capacitance of the capacitor, J 
2A is the effective value of the current, and v — 100 Hz 
is the frequency of the alternating current. 

Find: the voltages Up, U}, Uc, and U across the resis- 
tor, the coil, the capacitor, and in the entire Circuit respec- 
tively, the phase difierence ф between the voltage and the 
current, and the impedance Z of the circuit. 

Solution. The reactances of the coil and of the capacitor 


can be determined from the formulas Xj, = oL and Xo = 
1/oC. 


The impedance is given by 
2= У +, 0): ут (oL — 1/9C)?. 


When the components of the circuit are connected in se- 
ries, the same current passes through it, while the total vol- 
tage is the sum of the voltages across the individual compo- 
nents. The voltage across the resisior is 


Ив = IR, 


and is in phase with the current. The v 
is 


jw d 


oltage across the coil 


Ur = IoL, 


and leads the current by л/2. The v 


Я oltage across the ca- 
pacitor is 


Uc = I/(oC), 
and lags behind the current by a/2. 

The total voltage can be found by constructing a vector 
diagram. We choose the origin and draw a horizontal vector, 
viz. the current axis relative to which the voltage vectors 
will be plotted (Fig. 91a). 

The vector of voltage Up across the resistor is plotted (from 
zero) along the current axis since its phase angle is zero. 

We now plot the vector of voltage U; across the inductance 
coil. Positive angles are measured counterclockwise, $0 


the voltage vector will be plotted upwards at right angles 
to the current axis. 


The vector of the voltage Ис 


across the capacitor is plot- 
ted downwards from zero 


at right angles іо the current axis. 
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The geometric sum of the three vectors will give the total 
voltage in the circuit. First we compose the vectors directed 
along the vertical, and as a result obtain a voltage triangle 
(Fig. 915) from which we can easily find the voltage and the 
phase difference: 

Ux — U, — Us, 
U= V U&4-UX = IV. R+ (oL — 1/00), 
oL—1/oC _ Ux 
R eR 
, M oL = 1/oC, the reactance is zero. This phenomenon 
is observed at the circular frequency ® = 0, determined 


{ап ф= 


ГЕРА 


Р: 
Ur 


Fig. 91 


from the formula ©? = 1/(LC). Then the impedance of the 
circuit attains its minimum value and is equal to the resis- 
tance: Z = R, while the current attains its maximum value. 
This phenomenon is known as voltage resonance, and o, 
is the resonance circular frequency. р 
Substituting in the numerical values, we obtain 

Up=2 Ax 20 Q=40 V, E 

U,—2 Ax2n x 100 5! х 0.0398 Н = 50 V, 

Uc —2 Al(2n x 100 st x 159 x 107: Е) = 20 V, 

раша авазга И 
U — V (40 У) (30 V): = 50 V, 
X,— Xc —2n x 100 s~ X 0.398 Н — (2n x 100 s^! 
x 1.59 x 1074 F) 1 = 15 9. 
tan p= 15 9/20 Q=0.75, q- 36°52', 


U ub Y 
Z-.y Bg Ser a 49 
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Answer. The voltages across the resistor, the inductance 
coil, and the capacitor are 40, 50, and 20 V respectively, the 
total voltage is 50 V, the phase difference is 36°52’, the im- 


Fig. 92 Fig. 93 


pedance is 25 Q. When the inductive and Capacitive reac- 
tances are equal, resonance is observed. 

Problem 90. A generator supplies an a.c. voltage of 
80V at a frequency of 20 Hz and is connected to an induc- 
tance coil and a capacitor of 750 uF 
connected in parallel. The resistance 
of the coil is 1 Q and the induc- 
tance is 0.1 Н (Fig. 92). 

Determine the currents in the 
branches and the total current in 
the circuit. What is the resonance 
condition for the circuit? Determine 
the impedance at resonance if 
o?L? Re, 

Given: U — 80 V is the voltage 
in the Circuit, у=20 Hz is the fre- 
quency, С = 750 uF = 7.5x 107^ F 
is the capacitance of the capacitor, 


Fig. 94 L£=041H and A — 4 Q are the 
inductance and the resistance 0 
the coil. 


coil. We plot the vector di i i 
as in Problem 89. i ES 
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Using Fig. 93, we can find U and qr: 
U-I,V REY WI, лап ф,= 92. 


For the i 
: parallel connection Fi 
isth é (see Fig. 92), the voltage U 
Ns rm in each branch, while the current is equal to the 
ils om сан, іп the parallel branches. The currents in 
ine ent ches have different phases, and hence they should 
the ту зрна еее: vector diagrams. We plot 
K axis (Fig. . The current in the b i 
inductance has des s Boom 
U 
I = —————— 

and LV ROL | 
hoe behind the voltage by qr. 

current through the capacitor is 
ЕЕ І. = UoC, 
nd leads the voltage by 2/2. The 


tors r E 
Thee in a vector J at an an 
current J can be determined by с 


1 = І + 12 — 21,16 cos &- 


composition of these vec- 
gle q to the voltage axis. 
osine law: 


We k 
е know from trigonometry that 
А tan QL oL 
sin ПЕ E — 
PL V1 F tan? qr, y RT oL? 


sin 
ce tan pp = oL/R (see Fig. 93); we have 


cos фу = ao SE xe zs —_ . 
Si УФ V 9 +021? 
Sin 

ce a= л/2 — ру, cosa = sin Px: Therefore, 


Angle Pa Hb ile VERS | Я 

tions of и. from the equality of the projec- 
г on the voltage axis: 

Т сок = Г, 608 qr, C8 P= 1L cos Qr. 

e the vectors geo 


о compos 
lotted from 


It i 
и often more convenient t | 
ically in a different мау. Only one is P 
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the origin. The next vector is plotted from the end of the 
preceding one. The resultant vector then connects the ori- 
gin of the first vector to the end of the last one. For our prob- 
lem, such a construction yields a current triangle (Fig. 95), 
the caleulations remaining the same. 

If one of the parameters о, С, ог L of the circuit is varied, 
the total current and the phase angle q will change. For 


да Я Zu 
n U 
U 
P/ 1 
Fig. 95 Fig. 96 


à certain relation between о, C, and L, the phase difference 
vanishes (Fig. 96). Then the current will have the mini- 
mum value, and hence the impedance of the circuit, which 
becomes equal to the resistance, increases. This phenome- 


non is known as current resonance, The resonance condition 
can be determined from Fig. 96: 


Тс = I, sin 9r. 


Substituting Ге, I}, and sin Фі into this equation, we 
obtain 


(оС = U oL A 
VL VRJ o 


a MM reactance of inductance coils is usually 
much higher than their resistance (oL R), the more so 
272 2 i \ ў 
oL i Re. Neglecting R? in the last buius QU 
simplifying, we obtain the condition for current resonance: 


4 


Eee 
Let us calculate the i — 15 
from Fig. 96 гй € impedance of the circuit. It follow 


02 = ох = 


So eo SS, 
У R*-FegL? VR XL? 
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Since o?L? > R?, we obtain 


UR _ URC whence Ze. 

eut o Lb? n RG 

Substituting in the numerical values, we obtain 
80 V — 6.35 A, 


y et 
LUC Y ST On x20 s HX 04 Н)? i 
Ic =80 V x 27 20 s~! x 7.5 x 10% Pes А, 
__ 22x20 ВАН орт 
ГОО On x 20 sc x 0.4 HY? 
T= V (6.35 Ay (7.54 AE —2x 635 AX 1 
= 1.28 A. 
The resonance frequency is 


cosa = 
.54 A x 0.997 


1 = 18.4 Hz. 


1 
Ve = — a À НН 
"| ayi за VOLHXT5X 10% F 


The impedance is 
—LOxT5x40*F MET 
6 d oet The current through the coil a a "ed * 
:35 A and 7.54 A respectively, the tota И thed 
d esonance sets in at à frequency of 18.4 Hz, and bos us 
jo of the circuit is then 133 ©. 
- roter 91. An electric bulb rated for 
00 W, a coil with inductance 0.15 Н, i voltage of 
sop ected in series to a lighting circuit ve ^t the active 
ОУ. What is the capacitance of the capaci the total 
Power liberated in the circuit is equal to 1 ss the com- 
Power? Determine the current, the voltage Md total powers, 
Ponents of the circuit, the active, reactive an 


_the power factor. S К 
і Given: cua 220 V is the voltage in ihe a v = 
a re frequency of the alternating curren, b Ps 
bul P, = 200 W are the rated voltage and p ты 
58 м " 0.15 H is the inductan’® jive à 
' is the relation between the 30^ ; poe 
wa the capacitance C of the capacitan e 
coil е circuit, the voltages Ор, U, an = em 
tive and capacitor respectively, the acti роет cos $. 
е power Q, total power S, and ihe pow 


240 V and power 
da capacitor are 
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Solution. The resistance of the bulb can be determined 
from the formula 


Ръ= ЫЕ, whence R—Uj/p,— O1 VY... 288 o, 


The power factor can be determined from the relation 
P — 0.58: 


In order to determine the capacitance of the capacitor, we 
must find the inductive and capacitive reactances: 


Xr=2wL, X,—2n x 50 Hz x 0.15 H=47.1Q 


p=? R= 0.52 =0.5V RF (X — X1. 


Squaring the last equality, we obtain 

AR*— R24 (Xc — X,)?, 3m. (Xc — X,)*. 

Hence 
Xc- RV3--X,, X,—2880 УЗ+ 4719—5460, 


C= SH Eg = 5.83 x 10° F—583 uF. 
The impedance is 
Z=V (288 QE (546 0—474 Oy = 576 Q. 
Let us now find the current in the circuit 
Ped У 


Z5 "Weg = 0.38 А. 
The voltage across all the components can be found as 
follows: 


Па SER бо, Ш IX. 
Us = 0.38 А x 288 Q = 109.4 у, 
Uc = 0.38 A x 546 Q = 2075 у, 
Ur = 0.38 А x 4749 = 47.9 v. 


Let us now calculate the powers: 


sotal mower S DIT S — Qa A озуу 83.6 VA, 
active power Р = 0.58, p = 41.8 W, 
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reactive power Q= Ssinq—$ V T= co? ф= - 5, 


Q— 3. 83.6 VA =72.4 var. 


2 


Psi d The capacitance of the capacitor is 5.83 pF, the 
oo in the circuit is 0.38 A, the voltages across the bulb, 
207 scien coil, and the capacitor are 109.4, 17.9, and 
a V respectively, the active, reactive, and total powers 
ге 41.8 W, 72.4 var, and 83.6 VÀ respectively, and the 
Power factor is 0.5. 


Questions and Problems 
of the alternating current 


ed The standard frequency o! ating ou 
cill in the USSR is 50 Hz. Determine the period of the os- 
h ations. How many times per second does the direction of 
e charge carriers change? 
3A 2, An ammeter connecte 
18.3 hat is the amplitude of t 
Бес The breakdown voltage of а 
е connected to a lighting circuit at a © 
sin a The emf in an a.c. circuit varies as e 
In 100лё. Determine the effective value of the 


circular fre i 
8. я lternating current 1S 
bay time dependence of an a ern а 
descri ed by the fuor m і = 90 sin (314i + pee м 
itis the effective current and 118 phase, initial phase, 
епсу. ; De- 
FSA The instantaneous voltage is и = 20 sins, 0.005, 
ers the instantaneous voltage at times: ОО of tha al- 
an Ra 0.015, 0.0175, and 0.02 s. The frequen 
ing current is 50 Hz. riod 
is 18.7. The instantaneous current at 1/8 of Of a) Lön 
(b) e will the current be for 2 pose 
5 : 
8.8. A wi ; unif form mag 
8.8. ce f tates uni orm field 
seit die re rotat, m ati made 
нн In what position of the frame is the п 
18 (b) equal to the amplitude value? and wid 
гора" А rectangular frame of length 10 cm 1^ induction 
ates uniformly in a uniform magnetic 


dicates 


ly ina uni 
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0.02 T. The speed of rotation is 2865 rph. Determine the am- 
plitude of the emf induced in the frame. 

18.10. A rectangular metal frame of length 12 cm and 
width 4 cm rotates uniformly in a uniform magnetic field. 
What will the change in the emf induced in the frame be if, 
without changing the speed of its 

rotation, it can be deformed so that 
! its length becomes 4 cm and width 
45° 12 cm? 

18.11. A rectangular frame ro- 
tates in a uniform magnetic field at a 

| constant speed about an axis per- 

| pendicular to the magnetic field 

lines. The frame length is 2 = 14 cm 

Fig. 97 and its width isd — 6 cm. How 

will the emf induced in the frame 

change if the frame is deformed such that it takes on the fol- 

lowing dimensions: (3)! = 16cm, d = 4 ст, (b) 2 = 10 cm, 
d — 10 cm, and (c) 1 = 8 cm, d = 12 cm. 

18.12. How many turns are wound on a frame having an 
area of 367 cm? and uniformly rotating in a uniform magne- 
tic field with induction 0.145 T if а voltmeter connected to 
its terminals indicates 90 V? The rotation period of the 
frame is 2.5 x 10-2 5. 

18.13. A frame containing 15 turns of area 200 cm? rotates 
uniformly in a uniform magnetic field at 10 rps. When 
the frame is at an angle of 30? to the direction of the magnetic 
field, the emf induced in the frame is 0.75 V. What is the mag- 
netic field's induction? 


18.14. A wooden frame having an area of 150 cm? and 


induced alternating current is 40 Hz. Determine the ampli- 


tude, circular frequency, the period, and the initial phase 
of s induced emf. Write 
emf. 


18.15. A conductor with inductance 2.55 x 10-3 Н is 
‘witched from a circuit operating at a frequency of 50 Hz 
to a circuit Operating at a frequency of 300 Hz. Does its 


Impedance change? If it does, in what proportion? What is 
its impedance in a d.c. circuit equal to? 
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18.16. A coil with inductance 8.42 x 10-? H has a resis- 
tance of 3 Q. What is its impedance in an a.c. circuit with 
а current frequency of 50 Hz and in a d.c. circuit? 

18.17. When a coil with inductance 0.3 H is connected to 
а d.c. circuit at a voltage of 24 V, the current in it is 0.2 A. 
Determine the impedance of the coil when it is connected to 
an a.c. circuit of frequency 50 Hz. 

18.18. What will the impedance of a 100-pF capacitor be 
in a d.c. circuit? 

18.19. Determine the impedance of a 100-uF capacitor 
connected to a.c. circuits with current frequencies 50 and 
3000 Hz. 

18.20. A coil of inductance 0.15 H, a 500-Q resistor, and a 
nected in series to an a.c. circuit oper- 


2-uF capacitor аге con D $ 
1 400 Hz. Determine the impedance ої 


ating at a frequency 0 


the circuit. JN. 
18.21. Determine the impedance of the circuit connected 


to the lighting mains if the circuit consists of a 500-рЕ 
and а 1000-Е capacitors connected in series, а coil with 
a resistance of 10 Q, and inductance 0.08 H. 
18.22. A 530-pF capacitor and a potentiometer with a 
resistance of 5 Q connected in series are connected to the 
mains which has a voltage of 220 V and a frequency of 
50 Hz. Determine the current passing through the potentio- 


Ee d to the mains which has a 
18.23. A capacitor is connected to tne ch he 
voltage of 220 V and frequency of 50 Hz. The amplitude of 
the current in the circuit is 4.89 A. What is the capacitance 


of the capacitor? 

18.24. А coil of inductance 0.2 H is connected io an kx 
circuit with a frequency of 100 Hz. The current in the em 
is 1.01 A. What is the voltage across the coil? What is the 
amplitude of the voltage? Е ; 

18.25. А voltage of 80 у is supplied to a variable саа 
tor and a coil with a core connected in serles to it. The 
current in the circuit was found to be 4 A. Determine the 
voltage across the circuit elements if halving ue Paper. 
of the capacitor and the inductance of the coi и the 
current to 20 A. What is the frequency if the initial in- 
E 4o le resistor. Plot the ampli- 


18.26. An a.c. circuit contains а. | 
iude of the voltage across the resistor on a vector diagram 
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based on the current axis. Plot the graphs of the current and 
voltage. р 

18.27. Plot the voltage vector diagram if an a.c. circuit 
contains (a) a capacitor, (b) a solenoid. Plot the graphs for 
the currents and the voltages. 

18.28. Plot the vector diagram for the voltages of the a.c. 
subcircuits operating at frequency 50 Hz and consisting of 
the following components connected in series 

(а) С = 1.33 х 10° uF, R = 2.4 Q, 

(b) L = 348 x 107? Н, В = 17.3 Q. 

18.29. Plot the graphs of voltage and current in the com- 
ponents of the circuit in Problem 18.28. 

18.30. Plot the vector diagrams of the voltage for the 
following components when connected in series (а) L= 
0.03 Н and С = 2 10-Е, (b) = 4.95 x 10-2? H, C = 
398 uF and А = 7.55 Q. The alternating voltage frequency 
is 50 Hz. 

18.31. Plot the voltage graphs for the components of the 
а.с. circuit in Problem 18.30. 

18.32. Using vector diagrams, prove the formula for the 
reactance of a subcircuit consisting of a capacitor and an 
inductance coil. ў 
. 18.33. Using vector diagrams, prove the formulas for the 
impedances of series-connected А, С and L in an alter- 
nating current. 

р 18.34. An a.c. circuit at voltage 120 V and frequency 50 Hz 
is connected to  series-connected (а) R = 609, L= 
0.255 Н, (b) А = 3.89 and C = 2.27 x 10-3 F, and (c) 
L = 0.0764 Н and С = 398 uF. De- 
termine the impedance, current, and 
voltages on the components of the 
circuit. Plot the vector diagrams. 

18.35. An a.c. voltage of 220 V 
and frequency 50 Hz is applied to 

Fig. 98 series-connected (а) В = 5 ©, L = 

0.135 Н, and C = 75 нЕ, (b) 

; R =300, L —0.2 Н, and С = 

97 uF. Determine impedance, current, and voltage across 
the components of the circuit. Plot the vector diagrams. 

18.36. An a.c. generator of voltage 36 V (Fig. 98) is con- 
nected in parallel to (a) R = 3 ©, X, =40, (b)R=12 
Xc =20, and (с) X; = 2 Q, X, = 4 Q. The frequency of 
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the alternating current is 50 Hz. Determine the current in 
the branches, the total current, and cos q. Plot the vector 
diagrams. 

18.37. Determine the current in the branches and the total 
current in the circuit (see Problem 18.36) if (a) R — 6 Q, 
X,—3Q, and Xc = 39, (b А =99, X, = 109, 
and Xo = 48 Q, (c) В = 49, X, — 2 Q, and Xo — 89. 
Determine cos q. Plot the vector diagrams (all the compo- 
nents are connected in parallel). 

18.38. A potentiometer and a solenoid with a core are 
connected to an a.c. circuit of frequency 50 Hz. The phase 
difference between the total voltage and the current is 
30?. The resistance is increased by 100 Q. What must the 
change in the inductance of the solenoid be for the phase 
difference to remain unchanged? What is the voltage in the 


circuit if the voltage across the solenoid is 60 У? : 
18.39. A resistor and an inductance coil with a neglig- 
ted in series to an a.c. gen- 


ibly low resistance are connec с 
erator operating at frequency 0 Hz. The current in the 
curcuit is 3 A and the phase difference between the voltage 
and the current is 30°. Determine the resistance of the re- 
sistor and the inductance of the coil (U — 60 y). 

18.40. A potentiometer with resistance 89 is connected 
in series to a capacitor with capacitance 398 uF and a coil 
of inductance 0.0383 H. The frequency of the alternating cur- 
rent is 50 Hz. Determine the voltage across the components 
and in the entire circuit and the phase difference between 


the current and voltage. The current in the circuit is 4 А 


Plot i а 

18.417 уе Зв coll is connected to a circuit at a 
frequency 50 Hz. What must the capacitance of a capacitor 
connected to the circuit be to obtain resonance? S 

18.42. Why are multipole generators used in hydroelectric 
plants? б 

18.43. The rotor of 


150 rpm. How many magne 
have iu order to generate a current of frequency 50 Hz? 


18.44. Determine the resonance frequency of the alter- 


nati i ircuit shown in Fig. 99 if the capaci- 
Mir ice due 2.5 x 10- F and the inductance 


tance of the capacitor 15 2 
of the coil is 0.1 Н. , ,. 
18.45. The primary winding of a 


14—0530 


a hydroelectric generator rotates at 
tic pole pairs must the rotor 


transformer is connected 
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to a d.c. circuit. Will the bulb connected to the secondary 
winding glow? 

18.46. The primary of a transformer is connected to an 
а.с. circuit while the secondary is disconnected. Does the 
transformer consume energy from the circuit? 

18.47. Two neighbouring turns of a transformer's sec- 
ondary are short circuited. What will happen? 

18.48. When a transformer is connected to an a.c. supply 
with a voltage of 220 V, an emf of 110 V is induced in the 

secondary winding. What is the trans- 
1 t formation ratio? 

18.49. The transformation ratio of 
а transformer is 10. What is the ratio 
of the numbers of turns in each wind- 
ing? 

Fig. 99 18.50. An emf of 600 V is induced 

in the secondary of a transformer con- 

taining 1900 turns. How many turns of the primary wind- 
ing are connected to a supply with voltage 220 V? 

18.51. A transformer is connected to a supply with volt- 
age 120 V. The primary winding contains 300 turns. What 
must the number of turns in the secondary winding be for 
a voltage of 6.4 V to be generated across it? 

18.52. A voltage of 60 V at a frequency of 50 Hz is applied 
to a circuit containing a coil with inductance 0.1 H and a 
20-uF capacitor. What is the average power developed in 
the circuit during one period? What are the reactive and 
total powers? 

18.53. An alternating current passes through a series- 
Connected resistor, capacitor, and coil whose resistances and 
Teactances are 2, 3, and 5.67 © respectively. Determine the 
active, reactive, and total power, the power factor (cos c); 
and the voltage applied to the circuit if the current is 6 A. 

18.54. The alternating voltage in a series-connected cir- 
cuit with a current of 2 A is 90 У. The circuit consists of а 
capacitor, a coil, and a resistor. The power factor is 0.6 
What are the active and the reactive powers? What are the 
Teactances and the resistance of the circuit's components. if 
the reactance of the capacitor is twice that of the coil? 

18.55. A source of an a.c. voltage и = 180 sin wt is 
Connected to an unbranched circuit containing a resistance 
and two reactances, X, — 89 and Хо = 12 Q. Deter- 


^ 
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mine the power factor, the active ar i ver i 
the current in the circuit is 3 A. Б 
18.56. Ап а.с. voltage of 100 V is applied to a 50-Q resis- 
tor and capacitor with reactance 55 Q connected in paral- 
lel. Determine the total, active and reactive powers, and 
the power factor. 
wee: А source of a.c. voltage of 60 V and frequency 
50 Hz is connected in parallel to a resistance of 15 Q and an 
inductance coil with a negligible re- 
sistance. The total power in the cir- d 
cuit is 648 УА. What is the induc- 
tance of the coil? What are the 
active and reactive powers? 
18.58. An alternating current 
passes through a coil and a resistor 
connected in parallel. The voltage 
across the coil is 120 V, the current 1 
in the resistor is 2 A, and total cur- Big: 100 
rent is 3.5 A. Find the resistance of 
the resistor and the coil. Determine 
total powers, and the power factor. 
18.59. A coil, a capacitor, and a resistor are connected as 
shown in Fig. 100. The voltage of the source is 40 V. Deter- 
mine the power factor and the total, active, and reactive 
powers if G) X, 48 0, Sou 15 9, H = 100, © Xs 
80, X, = 180, and R = 13.3 Q. Р 
ected іл 


18.60. A c itor, a coil, and a resistor are conn 
NA ltage 220 V. Their reac- 


parallel to an a.c. circuit of a vo ў 
2, and 6 Q respectively. Deter- 


tances and resistance are 8, 1 ( Á 
d the active and reactive powers. 


~ 


the active, reactive and 


mine the power factor, an 
18.61. The power in two parallel branches of an a.c. 


circuit is 200 var and 346 W. The current in the unbranched 
tance and the resistance of 


circuit is 8 A. What are the reac 
the branches, the power factor, and the total power? What 
is the impedance? 

$ 19. ELECTROMAGNETIC OSCILLATIONS AND WAVES 
Basic Concepts and Formulas 
field generate 
d varying over 
ntinuous trans: 


s an eddy electric field. 
time generates an eddy 


Any varying magnetic 
formation of the elec- 


In turn, an electric fiel 
magnetic field. This co 


14* 
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tric field’s energy into the energy of the magnetic field and 
back is observed in an oscillatory circuit, viz. a circuit con- 
taining a coil and a capacitor (Fig. 101). The resistance of 
the oscillatory circuit must be low, otherwise the energy of 
the electromagnetic field will be converted into heat, and 

the oscillations in the circuit will soon cease. 

Under these conditions, the period of the 


с ¿3 natural electromagnetic oscillations is 
T=2n y LC, 
and the frequency is 
Fig. 101 D M 
T ус“ 


Ап open oscillatory circuit emits waves of the wavelength 


A = СГ, ог А = chy, 
where c is the velocity of electromagnetic waves equal to 
the velocity of light in vacuum. 

The velocity of propagation of the electromagnetic waves 
depends on the properties of the medium, viz. 


с 
Уве ^ 
vhere v is the velocity of propagation of the electromagnetic 
waves in the medium, and u and e are the permeability and 
permittivity of the medium. Since the permeabilities of all 


dia- and paramagnetic media differ only slightly from unity, 
we can assume that 


s = 
7 = Vue, whence v= 


с 
Ve" 


While using this formula, it should be borne in mind that 
the e known from electrostatics cannot always be used 
Since the oscillation frequency affects the permittivity. 


v= 


Worked Problems 


, Problem 92. An oscillatory circuit consists of a coil with 
inductance 20 uH and а capacitor whose capacitance caD 
be varied from 2 х 10-8 to 10-5 Е. What is the wavelength 
range of this circuit? Determine its frequency range. 
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Given: L = 2 x 10-5 Н is the inductance of the coil, 
C, = 2 х 10-5 Е and C; = 1075 Е are the maximum and min- 
imum capacitances of the capacitor. From tables, we take 
the velocity of light in vacuum с = 3 x 10° m/s. 

Find: the maximum А, and minimum A, wavelengths and 
the boundary frequencies v, and v, of the oscillatory circuit. 

Solution. The wavelengths lie in the interval from № = 
cT, for capacitance C, to № = cT» for capacitance С.. 

The period of the circuit's oscillations is determined by 


the formulas 
T,-2nV LC, T,—?2nV LC, 
T, 22x 3.44 И 2x 105 Hx 2x 10* F=3.97 х 1079 s, 
Eug ta MET cer 
T,—2x 3.14 V 2x 105 Hx 1075 Е = 2.81 x 10° s. 


Then the wavelengths are 
à, = 3 x 108 m/s x 3.97 X 10-9 5 = 1191 m, 
he = 3 х 108 m/s х 2.84 x 10-5 s = 843 m. 
Given the periods, we can determine the frequencies: 
у = 4/7, v, = 1/7, 
v, = 252 kHz, ve = 356 kHz. 
i ircuit ca ate in the wave- 
Answer. The oscillatory circuit can operate in tl 
length range 843-1191 m at pa oni 2528 Т 
: ci tage across t 
Problem 93. The maximum vo!tag os 


of an oscillatory circuit is 120 V. Determi 
current if the inductance of the coil is 0.005 H and the ca- 


pacitance of the capacitor is M dn The resistance of the 
circuit i e negligible. 
m veu is the ipsum e yc across the 
capacitor, L = 0.005 H is the inductance of the coil, an 
С = 40-5 F is the capacitance of the capacitor. . 
Find: the maximum current Imax n the circuit. "E 
Solution. The problem can be solved by two methods. 
Ist method. At resonance, the reactance of the circuit is 
minimal, while the current is at its maximum. The resonance 
frequency is Wp) = 4/V LC, Imax с = Ums/Xc: Хе = 
1/ (оС) 3 V Lic, Imax с = Umax LIC = UmaxV CI. 
Argueing in the same way, we conclude that the current in 


214 Ch. III. Oscillations and Waves 


the inductance coil can be calculated from the same formu- 
la. 
Substituting in the numerical values, we obtain 


Iaak 07120 V V p 5.37 А, acc 


5x 10-3 Н шах’ 


2nd method. According to the energy conservation law, the 
maximum energy of the magnetic field must be equal to the 
maximum energy of the electric field: LI2,4,/2 = CU2,,/2. 
Hence 


Imax = Umax V CIL. 


Comparing the two solutions, we note that the second 
method is much simpler. 

Answer. In the absence of resistance, the maximum cur- 
rent in the circuit is 5.37 A. 


Questions and Problems 


19.1. How will the frequency of an oscillatory circuit 
change if the capacitance is reduced using a variable ca- 
pacitor? 

19.2. Will the insertion of a ferromagnetic core into the 
Coil of the oscillatory circuit affect the period of the elec- 
iromagnetic oscillations in the circuit? 

19.3. A transmitter operates at a frequency of 600 kHz 
What wavelength corresponds to this frequency? 

19.4. An oscillatory circuit consists of a 200-pF capacitor 
and a coil of inductance 20 mH. What are the frequency 
and the period of natural oscillations of the circuit? 

19.5. When a motor car enters a tunnel, the sound of its 
radio is attenuated if it does not vanish altogether. Why? 

19.6. The ionosphere reflects radiowaves. How then can 
communication with spaceships by radio be realized? 

19.7. An oscillatory circuit consists of a coil of inductance 
2 mH and a capacitor whose capacitance can be varied from 
s to 40 pF. What is the wavelength range for this cir- 
cuit? 

19.8. An oscillatory circuit consists of a coil of inductance 
0.01 mH and a capacitor of capacitance 10-9 F. To what 
wavelength is this circuit tuned? What frequency corre- 
Sponds to this wavelength? 
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19.9. An oscillatory circuit emits electromagnetic waves 
of length 500 m. Determine the capacitance of the capaci- 
tor in the circuit if its inductance is 1.5 mH. 

19.10. What is the distance between an aeroplane and a 
radar if a signal reflected from the plane was received 
3 x 10-1 s after it had been 
emitted? 

19.11. How does the power 
of electromagnetic radiation 
depend on the oscillation fre- 
quency of the emitting circuit? 

19.12. Figure 102 shows the 
circuit diagram of a crystal 
receiver. What component 
smooths the current pulses? 

19.13. Programmes are per- 
ceived from а crystal receiver Г Г 
using earphones since the received signals are very weak. 
How is a signal amplified in modern radios? А 

19.14. A radar emits electromagnetic waves of length 
10 cm at a frequency of 2.25 GHz in a certain medium. What 
is the propagation velocity of the waves in this medium an 
what would their wavelength be in vacuum", F "T 

19.15. An oscillatory circuit containing а 1.5-рЕ capac 
tor should be tuned to a frequency of 1.5 kHz. What in- 
ductance is required? , $ 

19.16. я dependence of current in an ix od 
circuit is described by the equation ? = 0.06 ct rie 
Determine the frequency of the electromagnetic 0801 a f 
and the inductance of the coil if the maximum energy 0 


the ic field is 4.8 x 1073 
19:177 An oscillatory circuit tuned to a pn yee 
20 MHz contains a coil with inductance 10 por a Leon 
lel-plate mica capacitor with a plate area of 20 cm Ag 
mine the thickness of the mica if its permittivity 


"m 6. : а : H 

19.18. The maximum current in an oscillatory circuit is 
6.28 x 10-3 A and the maximum charge on the capacitor is 
10-5 C. Determine the period of oscillations in the circuit. 


T vavelength is it tuned? 
ron The pe н potential difference across the ca- 


pacitor in an oscillatory circuit is 120 V. What will the 


Fig. 102 
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maximum current be if the capacitance of the capacitor is 
9 uF and the coil has an inductance of 6 mH? 

19.20. The time dependence of the current in an oscilla- 
tory circuit is given by the equation i = 0.02 sin 5007г. 
The inductance of the circuit is 0.1 Н. Determine the period 


of electromagnetic oscillations, the capacitance of the cir- 


cuit, and the maximum energies of the electric and magnetic 
fields. 


19.21. As the capacitance of a capacitor decreases by 
100 pF, the resonance frequency of the oscillatory circuit 
increases from 0.2 to 0.25 MHz. What is the inductance of 
the circuit? 


Chapter IV 


Opties. Fundamentals 
of the Special Theory of Relativity 


8 20. GEOMETRICAL OPTICS 


Basie Concepts and Formulas 


To analyze the phenomena associated with the propagation 
of visible radiation (light) in a homogeneous medium or. 
through the boundary between two transparent media, we 
introduce the concept of a light beam. 
In a homogeneous medium, light beams 
propagate in a straight line, which HI 
explains the formation of the umbra 
and penumbra. 

If a reflecting surface is placed in the 
path of a light beam, light is reflected in Fig. 103 
accordance with the following two laws: 

1. The incident ray, the reflected ray, 
lar to the reflecting surface at the poin 
ray lie in the same plane. 
_ 2. The angle of incidence € isequal to the angle of reflec- 
tion e' (Fig. 103). 

If the angles of inci 
are the same, i.e. if the inci 


and the perpendicu- 
t of incidence of the 


dence of two rays on à plane surface 


dent rays are parallel, they will 
remain parallel after reflection. Diverging rays emitted by 
à source of light remain divergent upon reflection (Fig. 
104). In this case, the image formed at the intersection of 
the continuations of the reflected rays will be virtual and 


symmetric to the source about the mirror. | 
aced in the path of a converging 


If a plane mirror is pl 1 
beam, the image formed by it will be real, the point of inter- 
section of the continuations of the incident rays will be a vir- 
tual image of the light source (Fig. 105), and S'O = SO. 

Light rays incident on a spherical surface are reflected 
from it according to the same laws. If the mirror (reflecting) 


Surface is the inner surface of the part of a sphere, the mir- 
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ror is called concave, and a mirror formed on the outer sur- 
face of a sphere is called convex. 

The straight line passing through the centre of curvature 
C and point O (pole of a mirror) is known as the optical axis 
of the mirror (Fig. 106). 


5 


Fig. 104 Fig. 105 

А beam of rays inc 
the optical axis is гей 
а point F known as th 


ident on a concave mirror parallel to 
ected such that it intersects the axis at 
he focus. Concave mirrors have real fo- 


B 


Fig. 106 


While convex mirrors have virtual foci. The distance 
O is called the focal length and i 


$ 20. Geometrical Optics 219 


Here a and a' are respectively the distances from the object 

and from its image to the mirror. The minus sign indicates 

that the mirror is convex, and the plus sign corresponds to 

à concave mirror. : 
The linear magnification is given by 


f 
ac 


at 
k= — = 
a 


Here the minus sign in the denominator corresponds to a 

concave mirror, and the plus sign to a convex mirror. 
The image of an object formed by a spherical mirror is 

constructed by using (1) an incident ray parallel to the op- 

tical axis, (2) a ray passing through 

the focus, and (3) a ray along the 

radius of the curvature. E 

d Light is refracted when a ray is у 

incident on the interface between 7 

two different transparent media, I 

and obeys the following laws: | 
1. The incident and the refracted | 

rays lie in the same plane as the 1 


perpendicular at the point of inci- Fig. 107 
dence to the interface between the 
two media. 


the ratio of the sines of the angles 
formed by the incident and refracted rays with the normal is 
а constant and called the refractive index of the second me- 
dium relative to the first one (Fig. 107): 


2. For two given media, 


sin Е 
m = Mp, 4 
sin € 


ion, the second medium is op- 


i from the 
tically denser than the first one. As a ray passes | 
first. to the second medium, the angle of refraction 1s always 


smaller than the angle of incidence. I a ray pis from an 
opti ? m to an optically rarer medium, 
aen ge] acted but reflected totally, 


N to be refr: h 
Possible for the rays по! а This is called total inter- 


remaining in the same me а a i 
nal песо, It occurs when а ray 15 incident on the inter- 
face at an angle larger than à critical angle, defined as the 


In the case under considerat 
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angle for which the angle of refraction is equal to 90“: 


Sin €or 1 1 


= —— , Sine, =—. 
sin 90° n? os n 


The relative refractive index can be 


expressed in terms vi 
ihe velocities of light in two media: 


Hoa = іо). 
The absolute refractive index is 
n = clv, 
where c is the velocity of light in vacuum, 


Transparent media bounded by convex or concave surfaces 
are called lenses. Convex lenses converge rays, while con- 


Principal 


optical 
axis 


Fig. 108 


cave lenses diverge them, if the refractive index of the lens 
material is larger than t 


: : he refractive index of the medium 
Surrounding it, 


the line passing 
© refracting sur- 
z : s ed its optical cen- 
ре o Did pe, through the optical centre аге not refracted. 
line venting (hn oci of a lens, Any straight 
sfs g 'entre а a1 an 
auxiliary optical а. ге of а lens is called 


nstruct the j 


п Order to со ma 
ge formed by a lens, three 
rays are normally used: (1) a ray parallel to the principal 


Optical axis (2) a ray Dassing thr I 
mS ough f foci, and 
(3) a ray Passing through fienda cece iui 
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_ As is the case of spherical mirrors, the following formula 
is applicable to lenses: 


The sign rule here is the same as for mirrors. 

The unit of optical power Ф = АЛ is the dioptre (D). 

An image formed by a concave lens is always virtual, 
while a convex lens forms a virtual image when the object 
lies between the lens and a focus. 
я Lenses are widely used in optical instruments to magnify 
images of objects (projectors, magnifiers, and microscopes) 
or to increase the angle of view of examining objects а long 
distance from the observer (binocular and telescopes). 


Worked Problems 


‚ Problem 94. What will happen if a plane mirror is placed 
in the path of a converging beam? 

Solution. Let us examine the path of the rays shown in 
Fig. 109. Rays 1, 2, and 5 are incident on the plane mirror 


they will intersect 
int S. At this point 


АНег reflection, 


at a point S^ which is а real image of poi f i 
erge in the absence of the mirror. Using 


the rays would conv 


in a converging beam. 
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i 7 rove equality of 
"s ection of light, we can prove the equ lity 

E La Ses MSN and MSN, whence it follows that 
iso 
" sem converging beam of rays will form a real and 
syn ic image of a virtual bright point. 
у. Problem 95. A concave spherical mirror forms a ssa om 
magnified image of an object. The distance from the objec 


Fig. 110 


to the ima, 

mirror? 
Given: B — 3 is the linear ma 

0 — 2.6 m is the distance f 


ge is 2.6 m. What is the radius of curvature of the 


Solution. We know that R = оу, Consequently, the sew 
tion reduces to determining the focal length of the spherica 
mirror, 


The image formed by a cone 
cases. Let us Consider both 
1. The object lies ] 


ave mirror is magnified in two 
) between the focus and the centre of cur 
vature (Fig. 110). In order to construct the image A'B 


we shall use two tays, one of which is incident on the mir- 
Tor parallel to the optical axis and the other is directed along 
the radius of curvature. After reflection, the rays will inter- 


linear magnification а’ — Ba. 
The problem States that 1 — a’ —a, and hence {= 

\ ; (B — 1) ааа’ = BL/(B — 1). We 
Substitute these values for а and a’ into the formula for a 
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spherical mirror and determine the focal length: 
4. 43 d qb = ЗЕ. 682—1 
mcus RM eue Fa 
g _ 3x26m 
T BI Í Mir = 0975 m. 
Consequently, R = 2 X 0.975 m — 1.95 m. 
2. The object lies between the mirror and the focus (Fig. 
111). In order to construct the image, we shall use the same 
rays as above. It can be seen from the figure that the image 


Fig. 111 


tion of the rays themselves 
he image is virtual. In the 
quantity 1/a’ should be 
soning is the 
l=a+a’. 


of point А’ is not on the intersec 
but on their continuations, i.e. t 
formula for a spherical mirror, the 
taken with a minus sign. The subsequent rea 
same as before, the only difference being that 
The result will be the same. 
Answer. The radius of curvature о 


is 1.95 m. 
Problem 96. The radius of curvature of a convex spherical 


mirror is 1.2 m. How far away from the mirror is an object 
of height 12 cm if the distance between its virtual image and 
the mirror is 0.35 m? What is the height of the image? 

Given: В = 1.2 m is the radius of curvature of the mir- 
ror, a’ = 0.35 m is the distance between the virtual image 
and the mirror, and # = 0.12 m is the height of the object. 

Find: the distance a. between the object and the mirror 
and the height k’ of ihe image. 

Solution. Considering that the focus and the image for a 
convex mirror are virtual, we put the minus signs in front 


f the spherical mirror 
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of 1/f and 1/a' in the formula: 


4 1 1 а} 
о. 


В — 0.35 mx0.6 m S 
f—.c06m, або aue 04 m. 


Let us determine the height of the image: 


Р 0.12 т х 0.35 т "n ee 
h = = 0.05 т, й = 0.05 m. 


Answer. The object is 
image is 5 cm high. | 

Problem 97. The Sun forms an angle of 60° with the hori- 
zon. Determine the length of the umbra at the bottom of an 
opaque vessel illuminated by 
sun light. The height of the 
vessel is 25 cm, What will the 
change in the length of the 
umbra be when water is poured 
into the vessel to a height of 
20 cm (Fig, 112)? 

Given: Н = 25 cm із the 
height of the vessel, ф = 60 
is the altitude of the Sun 
above the horizon, h = 20 cm 


heigh »o^umn. From tables, we take the 
refractive index for Water, п = 1.33. 


0.84 m from the mirror, and the 


1 of the umbra at the bottom of the empty 
Vessel and the change Al of the 1 


ength of the umbra in the 


rection of incident rays wi 

It can be seen from 

t and the altitude of the 
is 09: 


e = 90°—60° = 3 
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lated from the right-angled triangle AMD: 
1 = AD = H tan e, tan 30° = 0.577, 
1, = 25 cm x 0.577 ~ 14.4 cm. 


If the vessel contains water, the rays will be refracted at 
the air-water interface since a light ray bends away from 
the rarer medium into a denser medium. In this case, the 
refracted ray is closer to the vertical, and the angle of re- 
fraction e’ is smaller than the angle of incidence =. The 
length of the umbra in the vessel filled with water is 


1, = BD = BC - CD. But CD = ON. 


In the right-angled triangle ОММ, we have ON = (Н —h)x 
tan e, ON = 5 em x 0.577 œ 2.9 ст. From the triangle 
BOC, we find BC = h tan e’. In order to determine the an- 
gle of refraction, we use the second law of refraction: 
Sin e/sin e' = n, sin &/ = sin в/п, sin =’ = 0.5.33 = 
0.3759, апа =’ 22°. From tables, we take tan 20 = 
0.404. Consequently, ВС = 20 cm x 0.404 = 8.1 cm. 

The length of the umbra in the vessel with water 15 

1, = BD = 8.1 ст 2 2.9 ст = 11 em. 

When the vessel is filled with water, the length of the 
umbra decreases by Al: 

Al = 14.4 ст — 11 ст = 3.4 cm. 

Answer. The length of the umbra in the empty vessel is 
approximately 14.4 cm. The umbra in the vessel with water 
is 3.4 cm shorter. 28 1 T 

Problem 98. A light ray is incident at 45° on a g ass slab. 
The slab is 3 cm thick, and the refractive index of the en 
is 1.5. What will the displacement of the ray be as a resu t 
of its passage through the slab? At what angle will the ray 
emer; f the slab? 

Gin: a ip’ fx the angle of incidence of the ray, # = 
0.03 m is the slab thickness, and n = 1.5 is the refractive 
index of the glass. 7 

Find: the displacement 6 of tho ay and the angle £; 

i from the slab. 
at which the ray emerges 10 аншоа thi 


Solution. Figure 143 shows that the acemi 
ray is the shortest distance between the direction of the 


15-0530 
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incident ray and the ray emerging from the slab: o = CD. 
Fiom the triangle ACD, we have 6 = AC sin (e — г’), 
AC =hlcos г’. Consequently, 


aus h sin (e —e’) 
ce cos e" 


In order to determine the displacement, we must find 
the angle e’. Using the second law of refraction, we obtain 
n = sin e/sin e’, sin e’ = sin e/n, sin e =И 2/2 х 1.5) = 
0.47, and e' ~ 28°. This gives 


8 = 201х029 = 0.0099 m ~ 9.9 mm. 


Answer. After passing through the slab, the ray remains 
parallel to the incident ray but is displaced by 9.9 mm: 
e = Е, 

‘Problem 99. An object of hei 


ght 6 cm is set at right angles 
to the optical axis of a double 


-convex lens of optical power 
5 D and 25 cm away from the 
lens. Determine the focal 
length of the lens, the position 
of the image, the linear mag- 
nification of the lens, and the 
height of the image formed by 
it. 


Given: h = 0.06 m is the 
height of the object, p — 5 D 
is the optical power of the lens, 
and a — 0.25 m is the dis- 
lance between the object and 
the lens, 

Find: the focal length f of 
А the image to the lens, tlie 
cation В, and the height h’ of the image. 

i power, we can determine the 


1 


1 
o 5D 0.2 m. 
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Using the formula for a thin lens, we calculate a’: 


Í ‚ _ 0.2m x 0.25m 


Е 
Pata! =” oe 


The linear magnification В can be determined from the 


formula 


EXC Me ee 
B= 7: В= 095 = 


Consequently, the height of the image will be 
и = ph, № =4 x 0.06 = 0.24 m. 


s is 20 cm, the image 


Answer. The focal length of the len 
fication of the lens is 


is 1 m from the lens, the linear magni 
4. and the image is 24 cm high. 


Fig. 144 


Problem 100. An object 30 cm high stands vertically 
80 cm from a lens with an optical power of —5 D. Determine 
the position of the image and its height. | 

Given: h = 0.3 m is the height of the object, а = 0.8 m 
is the distance from the object to the lens, and Ф = —5 D 


is the optical power of the lens. 
Find: the distance a' from the 


height №’ of the image. Г ; A i 
Solution. The lens is concave since its optical power is 
negative. Let us determine its focal length: 

1__1 _ __02m. 


=p —5D 


lens to the image and the 


15” 
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We construct the image of the object formed by ihe lens 
(Fig. 115). The image is virtual. From the formula for a 


Fig. 115 
thin lens, we determine the distance from the lens to the 
image: 
AM eid PN. hen AG} ‚ — 0.8m(—0.2m) _ 12) hm: 
fp ate Kd. a ~USmp02m = —0-46m 
In order to determine the image height, we shall use the 

formula for magnification: 

h^ в a’ n 10.16 m| 

=, № ———h, № = зв 0-3 m= |0.06| m. 


Answer. The distance from the lens to the image is —16 cm 
(the minus sign indicates that the image is virtual) and it 
is 6 сш high. 

Problem 101. Given the principal optical axis MN, an 
object AB, and the image A’ of point A (Fig. 116). Deter- 


8, 
м ^" 


Fig. 116 
сш positions 9f the lens and its foci. Is the lens con- 
verging or diverging? Construct the image of the object. 
'. It intersects the 
tre of the lens. We 
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direct the second ray from point А parallel to the principal 
optical axis. It is refracted by the lens, to hit A’, intersec- 
ting the optical axis at a focus F’ of the lens. We draw 
a vertical plane through the focus, which is known as the 
focal plane. In order to construct the image of the object, 
we need only construct the image of B. We draw a ray from 


Fig. 117 


B towards the lens at an arbitrary angle to the optical axis 
Parallel to this ray, we draw an auxiliary optical axis, which 
must intersect the ray at a point in the focal plane. Then 
point В’ is obtained where the ray intersects the principal op- 
tical axis (Fig. 117). Connecting points A’ and B’, we obtain 
the image of the object. и 

Problem 102. A microscope has a magnification oi eee 
The focal length of the objective is 0.3 cm. An objec s 
0.31 cm from the objective. Determine the magniñcation о 
the eyepiece and its focal length. What is the length o e 
microscope drawtube if the image is 26.25 cm from the eye- 

iece? | К 
: Given: В = 157.5 is Ше magnification of the microscope, 
f, = 0.3 сш is the focal len 


gth of the оа а re P 
is the distance from the object to the objective, 806 Pa = 
26.25 te the distance from the eyepiece to the final imago; 

Find: the magnification f; of the eyepiece, the Toca 
length f, of the eyepiece, and the length L of the arawa e. 

Solution. The magnification of a microscope Bi eter- 
mined by the magnifications f, and В. of the objective 


a т EN ў 
о | Pa se Ba, we must know the magnifica- 
tion B, of the objective. Let us determine the position of 
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the image formed by the objective from the formula 


1 i 1 
ha а, 

(5 fa ‚ _ O0.3em x 0.31 сш d. Are 
ah? S 03го —03em = 9-3 em. 


Remark. То avoid cumbersome numbers, we shal! express 
all quantities in centimetres: 


cdd 99 д 
B= ay — 0.31cm =30. 


We can now find the magnification of the eyepiece: 


ВЫ EDT e 
В == 302 = 5.25. 


Eyepiece 


Objective 


—— ————————— 
< 
X 
N 


SS 


Image 4’B’ i 
(Fig. iid" “Neh is the object relativo to the eyepiece 
а, = ui — 20.25 ст 
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The eyepiece is arranged relative to the image A;B; so 
that the image is as if magnified. The image А.В’ will thus 
be virtual, and while determining the focal length f, of the 
eyepiece we must put the minus sign in front of 1/a;: 


par pee b 1 
zw S er mam 1202008 


The length of the drawtube of the microscope can be de- 
termined from the formula 


L = а; + а», L = 9.3 ст + 5 em = 14.3 сп. 


Answer. The magnification of the eyepiece is 5.25, the 
focal length of the eyepiece is 6.2 ст, and the length of the 
drawtube is 14.3 cm. 

Problem 103. A point is 35 cm along the optical axis from 
a spherical concave mirror having a focal length 25 cm. At 


Fig. 119 


tical axis from the concave mir- 


i along the op c у 
ese s pue ie e placed for the image it forms 


ror should a plane miror » “ 

incide with the point source: à 
otn: T — 0.25 m is the focal length of the mirror and 
a — 0.35 m is the distance between the point source and 


the mirror. К 
Find: the distance 1 between the plane and concave mir- 


rors. \ К 
luti i i the image of point 5 
Solution. Without the plane mirror, : 

would be formed at a point S; (Fig. 119). Converging rays 
are incident on the plane mirror, and hence point 5; should 
be treated as a virtual source of light, its image being real 


(see Problem 94) and separated from the concave mirror by 
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a. The distance a’ to S; can he determined from the 
formula 


, ај ; _ 0.35m x 0.25 т 
а’ = a—f* @ = pa ne 


== 0.875 m. 
35 т — 0.25 m Отв 


Then the distance between the mirrors is 


i — 0.35 
l=a 4 E, 1—0.35 m 4..28/9m- 039m o t m. 
Answer. The point source and its image formed by the 


plane mirror coincide when the distance between the mir- 
rors is approximately 61 cm. 


Questions and Problems 


Reflection of light. Plane and spherical mirrors 


20.1. A light ray is incident on a plane mirror. By what 
angle will th 


€ reflected ray be deflected if the mirror is 
turned through 909» 


20.2. The an ay on a plane mir- 
i ow much will the angle between 


ted ray be reduced? 
3. Sun rays are incident at an angl 
zon. How can they 


be directed parallel to the horizon using 
à plane mirror? 

20.4. The Sun is 46° above the horizon. What must the 
angle of incidence of the sun rays оп a plane mirror be so 
that the sun light is reflected (a) vertically downwards, (b) 
vertically upwards? Wh ngle between the reflected 
Tay and the mirror be? Draw 


А etson’s head. The length of the 
mirror is 80 сш. What is the minimum height of the per- 
5 
20.7. A pl З 


апе mirror is at 45° 
table on wh 


ich a book li в. | 
the book he formed? SAR 
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20.8. A beam is incident on a plane mirror (Fig. 120). 
Show graphically the light path. What type of image will 
be formed of a lamp and where? 

20.9. Two plane mirrors form an angle of 120°. The dis- 
tance between the two images of a point source formed in 


A 

м LÁ 
8 
Fig. 121 


Fig. 120 


them is 20 cm. Determine the distance from the light 
Source to the point where the mirrors tovch if it lies on the 
bisector of the angle formed by the mirrors. 
20.10. How should two plane mirrors be arranged for a 
point source of light and its two images to lie at the ver- 
Исез of an equilateral triangle? 
20.11. How many images of an 0 
Ped plane mirrors ae (a) at right angles to eac 
a Е 60°? à 
i rng apah images ida be fn OPa mirrors 
ing i on both sides of a eager: 
720.13. parallel grind see the зава of а large, building 
fo lane mirror: Р 
20-14. On à uod Зву, the focus of a concave miro con 
be determined just by using а ruler. How can this н m 
20.15. Determine the radius of curvature and t е Ly 
length of a convex spherical mirror (Fig. 121) if MN = 3 cm 
and AB — 30 cm. UM 
f light is on 


20.16. A point source о J sph 
mirror four Focal lengths away from it. Construct its image. 
20.17. The focal length of a concave spherical mirror is 


0.6 m. At what distance from the pole must a point source 


bject will be formed by 
h other, 


the axis of a spherical 
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be located on the optical axis so that its image is formed at 
the same point? 

20.18. А concave spherical mirror forms a threefold mag- 
nified inverted image of an object. What are the principal 
focal length and the radius of curvature of the surface 
of the mirror if the distance from the object to the image is 
28 cm? 

20.19. The focal length of a concave spherical mirror is 
25 om. Where should an object be placed so that its virtual 
image is formed 1 m from the mirror's pole? 

20.20. When an object is 40 cm away from the pole of a 
concave spherical mirror, the size of iis image is equal to 
that of the object. What is the focal length of the mirror? 

20.21. A point source lies on the principal optical axis of 
à concave spherical mirror, and its virtual image is 40 cm 
away from the mirror. The radius of curvature of the mir- 
ror is 1.2 m. Determine the distance from the source to the 
pole. What is the magnification? 

20.22. А concave spherical mirror forms а real image of 
an object with magnification 3. When the object is moved a 
further 5 ст away from the mirror, the magnification of the 
new real image becomes 2. Determine the radius of curva- 
ture of the mirror surfaceand the initial distance between the 
object and the mirror. 

20.23. A converging beam of sol 
concave spherical mirror whose radi 
Determine the position of the poin 
the mirror where th 
of the incident ra 
mirror's pole. 

20.24. How far from an object in front of a concave spheri- 
cal mirror will a real image be formed if it is 42 cm from 

e pole and the radius of curvature of the mirror is 48 cm? 
Кеа o: аге convex mirrors better than plane ones in 

ars ior viewing th ? 

20.26. How ghe, 


iÉdts i h far from a convex mirror does an object lie 

1 image is formed 1 m away from the mirror? The focal 

ength of the mirror is 1 5 m. 

8 м When ап object is 60 cm from the pole of a concave 

see Wie’ its image is formed with a magnification 
Pact ER at does t i i "nro н. 

dicate? What is he minus sign of the magnification in 


the radius of curvature of the mirror? 


аг rays is incident on a 
us of curvature is 0.8 m. 
t on the optical axis of 
e reflected rays intersect if the extensions 
ys intersect the optical axis 40 cm from the 
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20.28. Where will the image of an object be formed by a 
convex spherical mirror with a 1.2-m radius of curvature 
and what type of the image will it be if the object is 0.3 m 
away from the mirror? У 

20.29. Converging rays are incident on a convex spherical 
mirror so that their extensions intersect 30 cm behind the 
mirror on the optical axis. The reflected rays form a di- 
verging beam so that their extensions intersect the optical 
axis 1.2 m from the mirror. Determine the focal length of 
the mirror. 

20.30. Two spherical mirrors (convex and concave) having 
the same focal length of 36 cm are arranged so that their 


Fig. 122 


coincide (Fig. 122). The separation between the 
m. At what distance from the concave mirror 
d so that its images formed by the 
ors are identical? 


optical axes 
mirrors is 1 
should an object be place 
concave and convex mirr 


Refraction of light 


20.31. What is the 
light rays incident at à 
29?40'? 

is incident on the surface of water at an 


20.32. A light ray ce of. 
angle of 50°. What is the angle of refraction in water? 


20.33. At what angle should a light ray be incident on the 
surface of crown glass so that the angle of refraction is 27°? 


20.34. Determine the angle through which a light ray is 
deflected as it passes from air to water at an angle of inci- 
o 


dence of (a) 80°, (b) 457? 


refractive index of flint. glass if for a 
n angle of 63? the angle of refraction is 
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20.35. When a light ray is incident on a quartz plate at 
an angle of 44°, the angle of refraction is 27°. For what angle 
of incidence will the ray be refracted at an angle of 30?? 

20.36. Why isit difficult to shoot a fish swimming in water? 

20.37. A light ray is incident on an air-liquid interface at 
45° and is refracted at 30°. What is the refractive index of 
the liquid? For what angle of incidence will the angle be- 
tween the reflected and refracted rays be 90?? 

20.38. А light ray passes through the interface between 
two transparent media. Under what condition will the angle 
of refraction be equal to the angle of incidence? 

20.39. Parallel beams of light pass from air to water. The 
angle of incidence is 55°. Determine the angle of refraction 
of the rays and the propagation velocity in water. 

20.40. Determine the velocity of light in ice if, for an 
angle of incidence of 61°, the angle of refraction is 42?. 

20.41. As a light ray passes from air to a transparent liquid 
at an angle of incidence of 69?, the angle of refraction is 


Fig. 123 Fig. 124 


38°30’. What is the velocity of light in the liquid? What si 
the refractive index of the liquid? 

20.42. Determine the angle of incidence of a light ray 
on the surface of acetone if the angle between the reflected 
and refracted rays is 120°. 

20.43. The refractive index of rock crystal is 1.54. At 
what angle must a light ray be incident from air to the 
crystal so that the reflected ray is perpendicular to jhe 
refracted ray? 
. 20.44. A source of visible light at the bottom of an aquar- 
ium filled with water emits rays incident on the water-air 
interface (Fig. 123). Trace the light path afterwards. 

‚20.45. Determine the critical angle of incidence for a 
light Tay passing from diamond to water, 
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20.46. Determine the refractive index of benzene if the 
critical angle of incidence of rays on it is 42°. 

20.47. For what angle of incidence of a light ray on a dia- 
mond-water interface is total reflection observed? 

20.48. If a bright metal ball is first blackened with soot 
in a candle flame and then immersed in water, it appears 
bright again. Why? 

20.49. Can you explain why a test tube immersed at a 
certain angle in a tumbler of water appears to have a mir- 
ror surface for a certain viewing position? 

20.50. The direction of an incident light ray is shown in 
Fig. 124. The semicylinder is made of glass with refractive 
index 1.8. What is the path of the ray afterwards? 

20.51. A bulb is fixed at the bottom of an aquarium divided 
into two parts by a partition (see Fig. 123). What is the 
maximum height to which water may be poured if the bottom 
at the opposite face is to be illuminated and the aqua- 
rium is 60 cm long? 

20.52. Solar rays are incident on the surface of water at 
45°. How long is the shadow of a pole erected at the bottom 
of a pond if the pole is vertical and completely immersed in 
water? The length of the pole is 1.2 m. 

20.53. Solve Problem 20.52 assuming that 0.2 m of the 
pole is above the water surface. 

20.54. A light ray is incident at 45? on a plate made of 
crown glass with plane-parallel faces. Determine the thick- 
ness of the plate if a ray emerging from it is displaced by 

.9 cm. 

20.55. Determine the displacement of a light ray passing 
through a 2.1-cm thick plate made of crown glass with plane- 
parallel faces if the angle of incidence is 30°. 

20.56. A plate with plane-parallel faces, having refrac- 
tive index 1.8, rests on a plane mirror. A light ray is in- 
cident on the upper face of the plate at 60°. Howfar from the 
entry point will the ray emerge after the reflection by the 
mirror if the plate is 6-cm thick? 

20.57. Light rays passing through a plane-parallel plate 
are displaced. Why do we not notice this through a window? 
Under what conditions does the displacement become no- 
ticeable? 

20.58. A light ray is incident on a glass plate with plane- 
Parallel faces at 70°. The plate is 4-cm thick. The refractive 
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index of glass is 1.5. Determine (1) the displacement of the 
ray and (2) the path length of the ray in the plate. 

20.59. A light ray is incident at right angles on a right- 
angled glass prism (Fig. 125). What will the path of the 
ray be afterwards? 

20.60. How must two right-angled prisms be arranged in а 
periscope? Draw the light path in it. 

20.61. Two parallel rays 7 and 2 are incident ог a glass 
right-angled prism (Fig. 126). Trace the light path after- 
wards. 

20.62. A light beam is incident along the normal on a 
lateral face of a prism with an angle of refraction of 30? 


D ГАХ 


Fig. 125 Fig. 126 Fig. 127 


(Fig. 127). Determine the angular displacement of the beam 
as a result of its passage through the prism if its refractive 
index is 1.8. 

20.63. A ray incident on the lateral face of a glass prism 
with an angle of refraction of 30° emerges from it at 30°. 
The refractive index of glass is 1.5. Determine the angle of 
incidence of the ray. 

20.64. A ray is incident on a lateral face of a glass prism 
along the normal and emerges from the prism at 25? from the 
direction of the incident ray. The refractive index of glass 
is 1.5. What is the angle of refraction of the prism? 

20.65. The angle of refraction of a prism 15 60°. A light ray 
emerges from the prism at the same angle as it is incident 
on it. The refractive index of the prism is 1.5. Determine the 
angle by which the ray is deflected from its initial direction” 
as a result of its passage through the prism. 

_ 20.66. The angle of refraction of a prism is A. A light beam 
is deflected by an angle6 upon passing through the prism. 
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Determine the refractive index of the prism if the angle of 
incidence of ihe ray is equal to the angle of refraction 
as it emerges from the prism. 


Lenses. Optical instruments 


20.67. Determine the optical power of a double-convex 
lens whose focal length is (a) 12.5 em, (b) 50 cm. 

20.68. Determine the optical powers of concave lenses 
with focal lengths of —25 cm and —0.4 m. 

20.69. Given lenses with optical powers of 4, —5, and 
—2 D. Determine their focal lengths. 


Fig. 128 
Screen 
A 
в Е ft 
Fig. 129 


20.70. In what case will a double-convex lens be di- 
verging? 

20.71. Given an optical axis ММ, a converging lens, its 
foci, and a point source S on the optical axis (Fig. 128) 
Construct the image of the point source. 

20.72. An opaque screen is placed between an object and 
à converging lens (Fig. 129). What will happen to the im- 
age? Use a diagram to explain your answer. 

_ 20.73. What will the paths of the rays be after refraction 
in the lenses shown in Figs. 130a and b? 

20.74. Two converging lenses should be placed in the 

Path of parallel rays so that the rays remain parallel after 
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passing through both lenses. How should the lenses be ar- 
ranged? 

20.75. The focal length of a converging lens is 20 cm. 
An object is 60 cm from the lens. Where will the image be 
formed and what kind of image is it? 


(a) (5) 


£ "i Е £' 


Fig. 130 


20.76. How far away will a converging lens with a focal 
length of 10 cm form the images of objects located 5, 15, 
20, and 25 cm from the lens? 

20.77. Construct the images of the objects in Problem 
20.76 on a 1 : 10 scale and answer the following questions: 

P (1) how does the height of 
the image change with the 
в distance between the object 
dd P ^ and thelens? (2) what type 
y) of image is it when ап. ob- 
ject is placed twice the fo- 
Fig. 131 cal length from the lens? (3) 
where should the object be 
placed to obtain a virtual image? 

| 20.78. When ап object is placed 20 cm from a lens, the 
image is the same size as the object. What are the focal 

length and optical power of the lens? 

20.79. Given an optical axis ММ and the positions of an 
object and its image (Fig. 131), determine graphically the 
Position of the lens (its optical centre O) and its foci. Is 
i i dig or diverging lens? Is the image real or vir- 

1а]? 

20.80. At what distance from a double-convex lens with 
focal length 0.42 m is an object placed if its virtual image 
is formed 56 cm from the object? 

20.81. A candle is 2 m from a wall. When a converging 


lens is placed 40 em from the candle between the candle and 
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the wall, a sharp image of the candle is formed on the wall. 
Determine the optical power of the lens and its magnifica- 
tion. 

20.82. A lens placed between a candle and a screen forms 
à real triply magnified image of the candle on the screen. 
When the lens is moved away from the candle by 0.8 m 
without changing the position of the candle, a real image 
one-third the size of the candle is formed on the screen. Deter- 
mine the focal length of the lens. 

20.83. An object 2 cm high is 15 cm from a double-con- 
vex lens whose optical power is 10 D. Determine the height 
of the image. 

20.84. An object is 1.4f (where f is the focal length) from 
а converging lens with an optical power of 2 D. Where is 
the image formed? What type of image is it? 

20.85. An object is placed 0.8/ from a lens (see Problem 
2004. Where is the image formed? What type of image is 
it? 

20.86. The focal length of a double-concave lens is 12 cm. 
What is the distance between the lens and an object if its 
Image is 8 cm away from the lens? 

20.87. An object is 20 cm from a double-concave lens 
With a focal length of 30cm. Where is the image formed (rel- 
м to the lens) and how high is it if the object is 6 ст 
ugh? 

20.88. A virtual image is formed 8 cm from a diverging 
lens with a focal length of 0.12 m. How far is the object from 
Its image? РЕР 
. 20.89. Will the focal length of a glass lens change if it 
18 immersed in a medium with the same optical density as 
the glass? А 

20.90. What will the magnification of a converging lens 
With an optical power of 4 D be if an object is 1.4} away 
Tom it? 

20.91. А virtual image one-fifth of the size of an object is 
formed 6 em from a diverging lens. Find the focal length and 
Optical power of the lens and construct the image of the 
Object formed by it. . 

В -92. The distance from a converging lens to an object 
is thrice the focal length. Determine the magnification. 

20.93. The optical power of a lens is 2.5 D. For a certain 
Position of an object relative to the lens, a real doubly mag- 
160530 
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nified image is formed on a screen. What will the magnifica- 
tion be if- the object is moved 0.4 m closer to the 
lens? 

20.94. A converging lens forms a triply magnified real 
image of an object. In order to obtain a virtual image with 
the same magnification the lens is moved towards the object 
by 10 cm. What are the focal length and the optical power of 
the lens? 

20.95. Two identical thin converging lenses brought in 
contact so that their axes coincide are placed 12.5 cm from 
an object. What is the optical power of the system and that 
of a single lens if the real image formed by the system of 
lenses is four times as large as the object? 

20.96. A convex and a concave lens are brought in close 
contact along their optical axes. The focal length of the 
convex lens is 10 cm. When the system is placed at 40 cm 
{тот an object, a sharp image of the object is formed on a 
screen on the other side of the system. Determine the opti- 
cal power of the concave lens if the distance / between the 
object and the screen is 1.6 m. 

20.97. The focal length of a projector's objective is 15 cm. 
The distance between the slide and the objective is 15.5 cm. 
What is the linear magnification of the projector? 

20.98. Determine the optical power of the projector's 
objective if it produces a 24-fold magnification when a 
slide is placed 20.8 cm from the objective. 

20.99. The objective of a projector has a focal length of 
12.5 cm. How far should the screen be placed away from 
the objective to obtain a twentyfold magnification? 

20.100. The image of a 7 x 5 cm? slide is projected onto 
а 1.05 x 0.75 m? screen using projector at its maximum 
magnification. What is the optical power of the objective's 
lens if the screen is 4 m away? 

, 20.101. What purpose do diaphragms serve in the objec- 
tives of cameras? 


20.102. The focal length of ; jective is 50 mm. 
mois en is Bth of a camera's objective is 5 


ge on the film of a building 80 m away 

from the camera is 12 mm. What is the actual height of the 
building? 

20.103. The image on the frosted glass of a camera is 

13.5 mm high when the object is 8.5 m away and 6 cm when 

2m away. Determine the optical power of the objective. 
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20.104. The focal length of a microscope's objective is 
5 mm and the drawtube is 16 cm long. Determine the magni- 
fication of the eyepiece for normal sight if the microscope's 
total magnification is 200. 

20.105. The focal length of a microscope's objective is 
0.4 cm. A sample is placed 0.1 mm away from the focus. The 
magnification of the microscope is 400. Determine the focal 
length of the eyepiece and the length of the drawtube if the 
distance of best vision for an observer is 25 cm. 


8 21. PHOTOMETRY 
Basic Concepts and Formulas 


In pliotometry, the concept of a point source of visible ra- 
diation (light) is employed. А fraction of this radiation cor- 
responding to the wavelength range from 400 to 760 nm acts 
on theretina of the eye and is perceived as light. A point 
source is assumed to be consid- 
erably smaller than the distance 
over which its action is ana- 
lyzed. Such a source is assumed to 
emit uniformly in all directions. 
An example of such a source is 
а star. Fig. 132 

The luminous flux Ф is the 
power of visible radiation and is estimated by its action on 
the retina of a normal eye. The unit of a luminous flux is 
the lumen (1m). 

The luminous intensity (candle power) J of a source is 
defined as the ratio of the luminous flux propagating from 
the source in a given direction within a small solid angle 
to the magnitude of this angle: 


AS 


Ap 


The unit of solid angle is the steradian (sr). A steradian is 
the solid angle bounded by a conic surface which cuts an area 
of a sphere's surface AS equal to the square of the radius 
(Fig. 132), the apex of the solid angle being at the centre of 
the sphere. The solid angle embracing the space around the 


16* 
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point rests on the surface of the sphere and is equal to 


Q— 5 in sr. 


The total luminous flux emitted by a light source is 
Di = IQ = 4n. 


The unit of luminous intensity is the candela (cd). 

А luminous flux incident on the surface of а body is par- 
tially reflected, reaches the eye retina, and causes the sen- 
sation of light—we see the things surrounding us. 

The illuminance £ is defined as the ratio of the luminous 
Нах Ф incident on a small surface element to its area 


Е = Ф/8. 
The unit of illuminance is the lux (Ix). 


The illuminance of a surface by normal rays varies in in- 


verse proportion to the squared distance from the light 
source to the surface: 
Eq = IR. 


If rays are incident on a surface at an angle, the illumi- 
nance depends on the angle of incidence 


E=E, cose, or E — 1 cose. 


The luminous intensities of two sources can be compared 
using a photometer. The two sources are placed on either 
side of the photometer at distances such that the illuminances 
at the photometer are equal. By measuring the distances 
from the light sources to the photometer and given the lumi- 
nous intensity of one of the sources, we can determine the lu- 
minous intensity of the other source: 


Worked Problems 


Problem 104. Two lamps with luminous intensities of 
200 and 300 cd are suspended from 3-m high poles (Fig. 133). 
The distance between the lamps is 4 m. Determine the illu- 
minance on the ground at points А, B, and C. 
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Given: kh = 3 m is the height of the lamps above the 
ground, J; = 200 са and Г, = 300 cd are the luminous in- 
tensities of the lamps, and 1 = 4m 
is the distance between them. 

Find: the illuminances Ед, Ев, 
and Ес at points А, B, and C. 

Solution. At points A, B, and C, 
the surface of the ground is illumi- 
nated by both the lamps. Let us con- 
sider each case separately. At 
point A, 

Ea = ВА + Eja, 
where Æa is the illuminance at 
point A from the first lamp and Æ, 4 is that from the second 


lamp. The light rays from the first lamp are incident along 
the normal to the surface at point А, and hence 


Fig. 133 


200 cd 
9m? 


= 22.2 1х. 


Ea Ea 


L 
h? ?, 
The illuminance produced at the same point by the second 
lamp is due to the rays incident at an angle e (see Fig. 133). 
Therefore, Esa = E, cos e, where E, is the illuminance of 
the surface at point A due to rays incident along the nor- 
mal, Ё, = Ir’. Since r— Yh? +2, we have 
It can be seen from the figure that 


EE _ h 
ro УЖЕ” 
The second lamp produces at point A an illuminance of 


І, h Eos 300cd x 3m 


Ei һ 4-12 VEFE ° 25m? x 5m 


11.2 1x; 


The total illuminance at point A is 
Ед = 22.21x + 7.21x = 29.4 lx. 


The illuminance at the ground at point В is found in the 
same way: 


Ев = Eig + ES. 
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The angle of incidence of the rays from the first lamp re- 
mains the same, and 


38.1 lx. 


І; [2 200 са 300 са 
Eg 0088 4- Ai. Ёв= тз 0.6 а 
Тһе illuminance at point С is 
Ес = Eye + Esc. 


Since point С is equidistant from the two lamps, the rays 
from the lamps form the same angle e, with the normal. 
Therefore, 


I I COs Е 
Ес= = cos =, += 005 61, ог Ec= ~z (l, +I). 
1 1 1 


Here r? = k? + (0.51)2= 13 m?, and cos e, = = in 220,83. 
Finally, we have 
Ec = 4557 (200 cd + 300 cd) = 31.9 Ix. 


Answer. The illuminance of the ground at points А, В, 
and С is 29.4, 38.1, and 31.9 Ix respectively. 

Problem 105. Two incandescent lamps with luminous in- 
tensities 25 and 225 cd are 1 m apart (Fig. 134). Where 
should a screen be placed between 


Borea them for it to be equally illu- 

я L minated from both sides? 
J Given: I, = 25 cd and I, = 
7 1 | 225 cd аге the luminous inten- 
sities of the first and second 
Fig. 134 lamps and l = 1 m is the sep- 


aration between them. 
Find: the distance from the first lamp to the screen. 
Solution. We shall assume that the rays from the first 
and second lamps are incident on the screen at right angles. 
Then the illuminances of the screen by the lamps are 


1 I 
ВЕ, B= 
By hypothesis, Е, = E,, and hence n = n But г = 
1 1 т ri 
l—r, Therefore, — = ———- 21 = i 
: ^ R Що "oq т) 
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We shall solve this equation for r,: 


та Ил VIa IYr =r VT, +V T), 
2 


whence 


RS EE... д ЗВЕРЯ —XX = 0.25 m. 
Vn-Vl; V 25 cd 4- V 225 cd 

Answer. The screen should be placed 0.25 m from the first 
lamp. 

Problem 106. A 25-cd point source of light is at the centre 
of a spherical surface of radius 0.5 m. Determine the lumi- 
nous flux incident on the inner surface of the sphere over an 
area of 50 ет. 

Given: г = 0.5 m is the radius of the spherical surface, 
I — 25 cd is the luminous intensity of the source, and S — 
50 cm? — 5 x 10-3 m? is the area of the surface element. 

Find: the luminous flux Ф. 

Solution. In order to determine the luminous flux, we 
must know the area of the surface on which it is incident 
and iis illuminance: 

Ф = ES. 


The illuminance is produced by the rays incident along the 
normal on the inner surface of the sphere. Therefore, E — 
I/lr*, and hence 


-3 
Ф- 2-5, Ф- 25а 5103 sr = 0.5 Im. 
Answer. A luminous flux of 0.5 lm is incident on a sur- 
face element of area 5. 


Questions and Problems 


21.1. Determine the total luminous flux emitted by a 
Source of luminous intensity 200 cd. 

21.2. A luminous flux of 2 Іт is uniformly distributed 
within a solid angle of 0.5 sr. What is the luminous intens- 
ity of the point source located at the apex of the angle? 

21.3. A 15-cd point source of light is placed at the centre 
of a hollow sphere of radius 30 cm. Determine the illumi- 
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nance of the inner surface of the sphere and the total lumi- 
nous flux emitted by the source. 

24.4. Determine the luminous flux passing through a sur- 
face of area 20 cm? located 5 m from a 100-cd point source 
of light. The rays are incident normal to the surface. 

21.5. The average illuminance in Leningrad during а 
summer night (when the Sun does not sink deep below the 
horizon) is 1 ]x, while the illuminance during a moonlit 
night is 0.1 1х. What are the luminous fluxes incident on the 
Mars Field in Leningrad which covers an area of 0.1 кт"? 

21.6. An incandescent lamp (without a shade) of lumi- 
nous intensity 25 cd is suspended 80 cm above a table. De- 
termine the illuminance on the table. 

24.7. The luminous intensity of the lamp in a photograph- 
ic enlarger is 15 cd. Determine the illuminance on a piece 
of photographic paper if the enlarger is 30 cm above it and 
only 1596 of the luminous flux is used. 

21.8. An incandescent lamp in а room produces an illu- 
minance of 28 lx at one wall and 7 1х on the opposite wall at 
the same level. What is the ratio of the distances between 
the lamp and the walls? 

21.9. When will the illuminance under a lamp be higher: 
for a luminous intensity of 120 cd 3 m away or for a lumi- 
nous intensity of 25 cd 1.2 m away? 

21.10. Parallel rays incident at an angle of 25^ produce 
an illuminance of 54 1х. At what angle of incidence will the 
illuminance of the surface be 45 1х? 

21.11. Before a sunset, sun light is incident on the sur- 
face of the Earth at an angle of 81°. Compare the illumi- 
nances produced on the surface of the Earth and on à 
vertical wall facing the Sun. 

21.12. The maximum illuminance that can be created by 
sun light on the surface of the Earth is 1080001x. How far 
from the Sun is the planet Mars when the maximum solar 
illuminance on its surface is 48000 1х? 

21.13. Why does snow melt more quickly on sunlit 
slopes than on sunlit horizontal areas? ` 

21.14. When parallel rays are incident on an object alorg 
the normal to its surface, the illuminance is 70 lx. What 
will the illuminance of the surface be if the object is turned 
so that the angle of incidence is 60°? 

21.15. An electric bulb of luminous intensity 150 cd is 
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suspended above a round table of diameier 2 m. Determine 
ihe maximum and minimum illuminances on the table if 
the distance of the cent e of the table from the lamp is 
4.5 m. 

21.16. A lamp without a shade is suspended 1 m above 
ihe centre of a table with diameter 1.2 m. Determine the 
illuminance at the edge of the table if the total luminous 
flux from the lamp is 650 Im. 

24.17. A bulb without a shade is suspended 1 m above à 
table. The distance between the bulb and a book lying at 
ihe edge of the table is 2 m. What must luminous intensity 
of the bulb be if the illuminance on the book is 25 Ix? 

21.18. The light from an electric bulh is incident on a 
working space at an angle of 45° and produces an illuminance 
of 441 Ix. The luminous intensity of the bulb is 200 cd. 
How far away is the bulb from the working space? How 
high above the working space is it suspended? 

24.19. Two bulbs with the same luminous intensity of 
50cd are suspended 1 m above a table. The distance between 
the bulbs is 440 cm. Determine the illuminance on the 
table under each bulb. 

21.20. Two lamps of 200 cd each are fixed to a pole 2 and 
3m from the ground respectively. Determine the illumi- 
nance on the ground at 1 m from the foot of the pole. 

21.21. A lamp is suspended at the top of a 10-m pole so 
that the illuminance on the ground 10 m from the base of 
the pole is 2.5 1х. What is the luminous intensity of the 
lamp? 

21.22. Two lamps of 250 cd each are suspended Пот a 
height of 4 m on poles 5 m apart. Determine the illuminance 
on the ground midway the poles. 

21.23. A lamp of 800 cd is suspended 10 m above the 
ground. Over what area of the ground will the illuminance 
be at least 1 1х? 

21.24. Two incandescent lamps with luminous intensities 
300 and 200 cd are suspended at a height of 3 m. The dis- 
tance between the lamps is 4 m. Determine the illuminance 
of the point on the ground between the lamps, where rays 
from the first lamp are incident at 45°. 

21.25. A lamp of luminous intensity 32 cd which was sus- 
pended 1.2 m above the middle of a table is replaced by 
another lamp whose luminous intensity is 90 cd. How high 
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must the second lamp be suspended if the illuminance at the 
middle of the table is to remain unchanged? 

21.26. A lamp suspended from a height of 6 m illuminates 
а skating rink. How far from the lamp and from the centre 
of the rink will the illuminance on the surface of ice be a 
factor of 3.4 less than that at the centre? 

21.27. A lamp with luminous intensity 25 cd is placed 
15 cm to the left of a photometer, Another lamp is placed 
45 cm to the right of the photometer, the illuminance on 
both sides being the same. Determine the luminous intens- 
ity of the second lamp. 

21.28. Two lamps with luminous intensities 50 and 
200 cd are 2.4 m apart. Where should an opaque screen be 
placed between the lamps so that it is equally illuminated 
on both sides? 

21.29. The centre of a screen is illuminated by a light 
source with a luminous intensity J that is placed a distance 


Screen 


Fig. 135 


1 from the screen. Will the illuminance change if the lumi- 


nous intensity and the distance from the light source are 
both increased n-fold? 


21.30. A ligh 
and a plane mirror 0.5 m from the screen (Fig. 135), The 


f the screen where the light ray is 
Assume that the mirror is per- 


out, it was replaced by another lamp of 40 cd placed 1 m 
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$ 22. PHENOMENA EXPLAINED BY THE WAVE PROPERTIES 
OF RADIATION. INTERFERENCE. DIFFRACTION 


Basie Concepts and Formulas 


Optical radiation occupies a small interval in the electro- 
magnetic wave spectrum and includes three regions, viz. 
the ultraviolet, visible, and infrared wave bands. 

Ultraviolet radiation corresponds to wavelengths from 
about 5 to 400 nm and it can induce marked chemical re- 
actions. 

The radiation causing the sensation of light is known as 
visible radiation, or just light. The lower boundary of the 
spectrum of visible radiation lies between 380 and 400 nm, 
and the upper boundary between 760 and 780 nm. 

Infrared radiation corresponds to wavelengths from 
780 nm (the upper boundary of visible radiation) to 1 mm. 
It has а well-pronounced thermal effect. 

Optical radiation is electromagnetic in nature. 'The wave- 
length is given by 


А = cT, or А = clv, 
where с is the propagation velocity of electromagnetic 
waves, T and v being their period and frequency. 


As light waves pass from vacuum to a medium, the wave- 
length changes (the frequency remaining unchanged): 


where п is the absolute refractive index and c and v are re- 
spectively the propagation velocities of electromagnetic 
waves in vacuum and in a medium. 

Phenomena which confirm the wave nature of visible ra- 
diation include interference and diffraction. 

The interference of light is the enhancement or attenua- 
tion of light as a result of superposition of light waves. In 
order to observe an interference pattern, the waves must 
have the same wavelength and a constant phase difference, 
i.e. they must be coherent. 

Using Fresnel's biprism, we can form two virtual images 
S' and S" of the same source 5, which emit coherent rays 
(Fig. 136). When monochromatic radiation is incident on the 
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biprism (i.e. the radiation with a single frequency), bright 
and dark fringes are formed on the screen, The maximum 
brightness occurs when the optical path difference A is 
equal to an even number of half-waves: 


A=2kŻ , where k=1, 2, .... 


If, however, one wave lags behind another by a half- 
wavelength, i.e. the optical path difference is equal to an 
odd number of half-waves, the 


, seeen maximum attenuation of light 
зо is observed: | 
ia A (24-1) 3-, 
s'o-—- 


where k=0, 1, 2 


¥ By) gees 


Interference can be observed 
in thin films or for light pas- 
sing through a system formed by a plano-convex lens and 
a glass plate (Newton’s rings). 

If we know the radius of curvature А of the lens and mea- 
sure the radius г» of one of the dark rings (Fig. 137), we can 


Fig. 136 


Screen 


Fig. 137 Fig. 138 


determine the wavelength of the light illuminating a device 
that yields Newton’s rings: 
т. = V EAR, 


where k =0, 1, 2, ... is the number of the dark ring. The 
formula is valid when air, for which n — 1, occupies the 
Space between the plate and the lens. 


$ 22. Wave Properties of Radiation 253 


Diffraction is the bending of light round obstacles, and it 
occurs when the size of the obstacle is commensurate with 
the wavelength. 

A diffraction grating is formed by alternating transparent 
and opaque lines. The sum of the width of the line and of a 
separation between two lines is known as the grating con- 
stant (Fig. 138): 

d =a + b, 


where d is the grating constant, b is the width of a line, and 
a is the distance between two lines. 
The formula for a diffraction grating is 


d sin q = КА, 


where k is the order of a maximum. The brightest (zero-or- 
der) maximum lies on the screen opposite the centre of the 
grating. 

The formula of a diffraction grating shows that one must 
measure the angle q to determine the wavelength using a 
diffraction grating. 

When white light is incident on a grating, a spectrum 
known as the normal spectrum is formed on a screen. It 
contains all the coloured bands (from red to violet). 


Worked Problems 


Problem 107. The wavelength of light in glass is 450 nm. 
Light propagates in glass at a velocity of 1.8 x 10° km/s. 
Determine the frequency of light, the absolute refractive 
index of glass, and the wavelength of the light passing from 
glass into vacuum. 

Given: hg = 450 nm = 4.5 x 1077 m is the wavelength of 
light in glass, v — 1.8 x 10* km/s — 1.8 x 105 m/s is the 
velocity of light in glass. From tables, we take the velocity 
of light in vacuum, с = 3 х 108 m/s. 

Find: the frequency v of light, the absolute refractive in- 
dex п of glass, and the wavelength А of light in vacuum. 

Solution. From the wavelength and the velocity of light 
in glass, we can determine its frequency: Ag = v/v, whence 


v z 1.8 X 408 m/s 


Xe у I = 40x 108 Hz 400 THz. 


v= 
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As light passes from one medium to another, its frequen- 
cy remains unchanged, but its velocity and wavelength 
change. Consequently, we can determine the wavelength of 
light in vacuum: 

c " 3 x 105 m/s 


emm em T 5v 40-6 
À » A= океан = 0-75 Х 107m. 


The optical density of a medium is equal to the absolute 
refractive index: 
E 2. 3 X 108 m/s 7 
ДЕ Рг таи 
Answer. Тһе frequency of light is 400 THz, the wavelength 
in vacuum is 750 nm, and the absolute refractive index is 
about 1.7. 
Problem 108. Two coherent light sources emit light of 
wavelength 550 nm which produces an interference pattern 
d 
77 9 
D 


Screen 


0 
Fig. 139 Fig. 140 


on a screen (Fig. 139). The sources are 2.2 mm apart and 
.2 m from the screen. Determine whether the interference 
at point O is constructive or destructive. 

, Given: № = 550 nm = 5.5 x 10-7 m is the wavelength of 
light, 1 = 2.2 m is the shortest distance from the first 
source to the screen, and 4 = 2.2 mm = 2.2 x 40-3 m is 
the separation between the sources. 

Find: the path difference A of the rays. 

Solution. In order to answer the question, we must know 
the path difference for the rays. The optical path difference 
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is equal to their geometrical difference (since the rays pro- 
pagate in the same medium, viz. air): 


А = SD = 5,0 — 5,0, SO— I. 
From the triangle 5,05., we determine 550: 5,0 = 
y E4-di—iy1-r (ail). Since d/l is much smaller than l, 
we can use approximation (vi = 42 =1 + i a?) , whence 


5,0 =1[1+ rG)] Then 


_ (22x1039m) 4,4. 4n-6 
Ac RUE E44 561079 m. 


There will be constructive interference at O if the path 
difference contains integral number of waves, i.e. k — 1 


" 
"ao cman 


. 5. 44Х40-6м _ 
ветр 5.5 х 107m 2. 


Answer. Constructive interference (bright fringe) occurs 
at O. 

Problem 109. A plano-convex lens with a radius of curva- 
ture of 12 m is placed on a flat plate as shown in Fig. 140. 
Monochromatic light is incident along the normal to the 
plane face of the lens, and dark and bright rings are formed 
in the reflected light. Determine the wavelength of the mo- 
nochromatic light if the radius of the sixth dark ring is 
1.2 X 4079: m. 

Given: В = 12 m is the radius of curvature of the lens, 
k = 6 is the dark ring number, and rg = 7.2 x 10-3 m is 
the radius of the sixth ring. 

Find: the wavelength А of the monochromatic light. 

Solution. The light wave incident on the plane surface of 
the lens is partially reflected by the convex surface of the 
lens and partially passes through the air gap d and then 
reflected from the flat plate, the path difference being in- 
creased by 4/2 by the reflection. Thus, the second wave pas- 
ses through the gap d twice, and hence the path difference 
will be A = 2d + 4/2. 
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For a dark fringe, we have A — 4 (2k + 4), or 2d + 
А hk 
+ =)k-+-— >, whence d=, 
From triangle ABC, we obtain R? = Ga ait 


ова — d? = гі. The quantity d? can be neglected since d 


is small. This gives 2Rd = rf, whence d = r/2R. Com- 


paring the obtained expressions for d, we obtain 


^o ond 
UR 28° 
whence 
EN _ 02x 1073 m)? n". e 
Мз = Sim = 724071, 


Answer. The wavelength of light is 720 nm. 

Problem 110. The grating constant of a diffraction grating 
is 0.016 mm. The red line of the 2nd-order spectrum is 14.2cm 
from the middle line. The dis- 
tance from the grating to a 


/| screen is 1.5 m. Determine the 
wavelength of the red light 
and the width of the2nd-order 
spectrum. The wavelength of 
violet light is 4 x 10-7 m 
(Fig. 141). 

Screen Given: = 0.016 mm = 


0 mue Oe 1.6 х10-° m is the grating con- 
stove, (MUT. — stant. hy = 14.2 om = 1.42 X 
сасе 40> m is the distance 
Fig. 141 between the red region of the 
E: 2nd-order spectrum and the 
middle line, k—2 is the order 
of the spectrum, 2 = 1.5 m is the distance from the screen 
to the diffraction grating, and Ay =4 x 107? m is the 
wavelength of violet light. 
Find: the wavelength Àr of the red light and the width ^ 
of the 2nd-order spectrum. 
Solution, The wavelength of the red light can be deter- 
mined from the formula for a diffraction grating: kA, = 
а іп ф. Here the angle ф is very small se that we can 
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put sin q œ tan q. Then 


_ dtang _ аһ 
Aer s ics x 
-5 2 ni 
he 1.6 x 10 ee m _ 7.57% 107 m. 


In order to determine the spectral width, we must know 
the distance from the middle line of the spectrum to the 
violet region № у. This can be determined from the formula for 


А : $ k 4x107 2 à 
a diffraction grating: hy = zd SA. = ARIO тазаа m 


d 1.6x1075 m 
= RIK 10-? m. 
Thence 
h=h,—hy = 14.2 x 107? m — 7.5 x 10? m 
= 6.7 x 107? m. 


Answer. The wavelength of the red light is approximately 
equal to 760 nm and the width of the 2nd-order spectrum is 
6.7 cm. 


Questions and Problems 


22.1. When would a bright spot be formed on a screen 
where two beams from a coherent monochromatic light 
source meet, and when would the spot be dark? 


Screen 


Fig. 142 


22.2. Light from two coherent sources is incident at 
points Z and 2 on a screen (Fig. 142). Where will construc- 
tive and destructive interference occur? 

22.3. If crystals of common salt are placed in the flame 
of a candle and then the flame is observed through a transpa- 
17-0530 
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rent plate with parallel faces, alternating dark and yellow 
fringes can be seen against the background of the flame. The 
same pattern can be observed in reflected light (by placing 
the plate behind the flame). How can this effect be ex- 
plained? 

22.4. Oil spots on the surface of sunlit water are rainbow 
coloured. Why? Will the pattern change if the surface is 
illuminated by monochromatic light? 

22.5. Rays from two coherent light sources of wavelength 
0.5 рт and with a path difference of 0.5 mm arrive at a 
certain point in space. Will the interference be constructive 
or destructive at this point? 

22.6. Red light of wavelength 760 nm from two coherent 
Sources is incident on a Screen, forming an interference pat- 
tern of red and dark fringes. Determine the path difference 
of the rays if four half-waves fit into it. What type of 
fringe (red or dark) is formed for such а path difference? 


22.1. A soap bubble displays all the colours of the rain- 
bow in sun light. Why? 


22.8. Determine the radi 


А us of the second dark Newton 
ring in reflected | 


ight if a plano-convex lens with the radius 
of curvature 8 m and a flat plate (Fig. 140) are illuminated 
by a monochromatic light with a wavelength of 640 nm. 

22.9. An instrument for observing Newton's rings is il- 
luminated by a monochromatic red light. The radius of the 
third dark ring is found to be 2.8 mm. Determine the wave- 
length of the red light if the radius of curvature of the plano- 
convex lens is 4 m. 


22.10. The air gap in an instrument for ob 
ton’s rings (see Fig 140) is filled with water. What will the 
change in the radii of the interference rings be? 

22.11. What is the antireflection coating of objectives 
based on? Why do objectives have a bluish-violet tinge in 
reflected light? 


22.12. The distance b 


serving New- 


" н etween two coherent monochromat- 
© Point light sources is 1.5 cm, The Sources are located at 
36 m from a screen so that the line connecting them is paral- 
lel to the plane of the screen. Determine the wavelength of 


the light if the separation between adjacent interference 
fringes is 1.8 mm. 


4 22.13. A plano-con 


А vex lens with a radius of curvature о! 
m is put on a flat 


transparent plate. When the system is 
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illuminated with green light from thallium (wavelength 
536 nm), Newton's rings are formed in the reflected light. 
Determine the radius of the fifth dark ring. 

22.14. The radius of the third dark Newton ring (see 
Problem 22.13) is found to be 2.8 mm when the system is 
illuminated by a monochromatic light. Determine the radius 
of curvature of the plano-convex lens if the wavelength of 
the monochromatic light is 720 nm. 

22.15. If the light of a street lamp is viewed through one's 
eyelashes, rainbow rings appear around the lamp. Explain 
this effect. 

22.16. What is the difference between a diffraction spec- 
trum and the spectrum obtained with a prism? 

22.17. In a practical experiment on the wavelength of 
light using a diffraction grating, the first diffraction maxi- 
mum was observed on a screen 30 cm from the central line. 
The grating constant was 2 x 10-? mm, and the distance 
from the screen to the grating was 1.5 m. Using these data, 
determine the wavelength. 

22.18. Light from a gas-discharge tube is incident nor- 
mally on a diffraction grating whose constant is 2 x 107? mm. 
The orange line in the 1st-order spectrum is seen at an angle 
of 18°, and the blue line is seen at 14°. Determine the wave- 
lengths of this light. 

22.19. Spectra formed by a diffraction grating are pro- 
jected on a screen 3 m away. Determine the wavelength of a 
monochromatic light if the distance from the central line to 
the 1st-order spectrum is 22.8 cm and the grating constant 
is 0.01 mm. 

22.20. Monochromatic light corresponding to a sodium 
line of wavelength 5.89 x 40-7 m is incident on a diffraction 
grating. The angle at which this line is seen in the 1st-order 
Spectrum is 17? 18'. Determine the grating constant, How 
many lines does a centimetre of the grating contain? 

22.21. Monochromatic light emitted bya mercury-vapour 
lamp and having a wavelength of 579 nm is incident on a 
diffraction grating with constant 2 x 10-5 m and forms a 
diffraction spectrum on a screen. The distance from the grat- 
ing to the screen is 1.5 m. How far from the central line 
will the coloured line in the 1st-order spectrum be? 

22.22. How many lines per millimetre will a diffraction 
grating have for the green line (wavelength 500 nm) in the 
17* 


260 Ch. IV. Optics. Special Theory of Relativity 


3rd-order spectrum to be observed at angle 48° 30°? 

22.23. A monochromatic light of wavelength 500 nm is 
incident normally on a diffraction grating containing 500 
lines per millimetre. What is the highest order spectrum ob- 
servable using this grating? 


§ 23. RADIATION AND SPECTRA 
Basic Concepts and Formulas 


White light is a composite. We can prove this with a trigo- 
nal prism. After passing through the prism, a ray of white 
light splits into the coloured rays of the spectrum. 

Dispersion is the dependence of the refractive index on the 
wavelength of the transmitted light. The refractive index 
^; for red light is smallest and for violet light ny, is 
largest. This means that red light propagates faster in a 
transparent medium than violet light: n, = clv,, ny = 
clv,. Since n, < ny, clo; < clo,, or v, > й 

The colour of a transparent body depends on the colour of 
the light rays it transmits. Glass is green if it only transmits 
the green light from white light. 


The colour of an opaque body is determined by the colour 
of the light it reflects. 


All bodies when ho 

1. Continuous spect; 
solids. These spectra a 
of seven basic coloured 
each other. 

2. Line spectra are obtained 
Each chemical element hasi 
from every other spectra ir 
and the position of the li 


t enough produce emission spectra: 
та are emitted by heated liquids or 
re the same for all bodies and consist 
bands which continuously merge into 


from heated gases or vapours. 
ts own line spectrum which differs 
n the number of lines, the colour, 


í nes against the background of a 
continuous spectrum. 
and spectra are obtained from molecules and consist 
of a number of bands. 
„Absorption spectra appear when light passes through a me- 
dium which can selec 


tively absorb light and has a lower tem- 
e emergence of absorption spectra obeys Kirch- 


substance mainly absorbs light with the wave- 
h it can emit, i 


perature. Thi 
hoff’s law: а 
lengths whic 
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The thermal radiation of a body at a given temperature is 
determined by its radiant exitance А, which equals the 
ratio of the radiant flux emitted from a small surface ele- 
ment to the area of this surface. Bodies can absorb radia- 
tion incident on them. If a body completely absorbs tlie ra- 
diant flux incident on it, it is called a blackbody. According 
to the law on thermal radiation, a blackbody has the maxi- 
mum radiant exitance. 

Stefan-Boltzmann’s law. The exitance of a blackbody ep is 
proportional to the fourth power of its thermodynamic tem- 
perature: 

R.-—oT5 


where c is the Stefan-Boltzmann constant. 

Wien's displacement law. The product of the wavelength 
corresponding to the maximum of radiant energy and the 
thermodynamic temperature is constant for a blackbody: 


Amaxl = b, 


where b is the Wien constant. 
Consequently, as the temperature increases, the maximum 
of the radiant energy is displaced towards shorter waves. 


Worked Problems 


Problem 111. Assuming that the temperature of the sur - 
face of the Sun is approximately 6000 K, determine the 
wavelength corresponding to the maximum energy, consid- 
ering that the Sun is a blackbody. 

Given: T = 6000 K is the temperature of the Sun’s sur- 
face. From tables, we take the Wien constant: b = 2.89 x 
107? m-K. 

Find: the wavelength Ашах corresponding to the maxi- 
mum energy. 

Solution. The wavelength corresponding to the maximum 
radiant energy in the spectrum of a blackbody at a given 
temperature can be found from Wien’s displacement law 
b= АшахГ: 


b 2.89 x 1073 m-K 
max aiik Amax 6000 E 4.82 x 10-7 m. 


Answer. The maximum of radiant energy corresponds to 
the wavelength 482 nm. 
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Questions and Problems 


23.1. Where is the velocity of light higher: in diamond or 
in water? р 

23.2. What is the ratio between the velocities of light in 
vacuum and in water? How long does it take for light to 
travel 225 km in water? 

23.3. One standard metre is as long as 1650763.73 wave- 
lengths of the orange light emitted by krypton-86 atoms in 
vacuum. What is the frequency of this radiation? 

23.4. Determine the wavelengths for the red and violet 
light at the edges of the visible spectrum if they correspond 
to frequencies 3.95 x 104 Hz and 7.5 x 101 Hz. 

23.5. What is the velocity of light in diamond if the 
frequency 2.73 x 1014 Hz corresponds in it to a wavelength 
of 450 nm? 

23.6. The wavelength of blue light in vacuum is 500 nm. 


Determine the wavelength corresponding to blue light in 
water and its frequency. 


23.7. Green light passes from air to water, its wavelength 
decreasing thereby. W 


с hat colour will be perceived by a diver 
in the water? 


‚ 23.8. What will the change in the wavelength of yellow 
light of frequency 5.3 x 10% Hz be as a result of its pas- 


Sage from glass to vacuum if its velocity in glass is 1.98 х 
105 m/s? 


23.9. Determine the velocities of li 
ipt for extreme red (800 nm) and violet (400 nm) light 
i SNe a: З : 


23.12. The word "light" is written in green on a sheet of 


hich transparent medium would it be 
„the word? 
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23.13. The star Sirius has a surface temperature of 10* K. 
Determine the wavelength corresponding to the maximum 
energy emitted by the star. 

23.14. If one looks at a bright red object for a while and 
then at a white wall, a green silhouette of the object will be 
seen. How can this be explained? 

23.15. What method was used to study the chemical 
composition of the Sun? 

23.16. The total energy emitted by the Sun per second is 
about E = 4 x 10?* J. Assuming that the Sun is а black- 
body, determine its surface temperature. 

23.17. The spectral analysis of a nebula has revealed that 
it has a continuous spectrum. What conclusion can be drawn 
from this? 

23.18. The Sun emits about 4 x 10?? J of radiant energy 
per second. Some data indicate that the radiant exitance of 
the Sun has remained constant over the last 3 x 10? years 
(1017 s). Determine the mass lost by the Sun per second in 
the form of radiation and the mass that has been lost over 
the last 3 x 10? years. 

23.19. What is the melting point of tungsten if the wave- 
length of the radiation corresponding to the radiant energy 
maximum lies in the red spectral region of tungsten and is 
equal to 784 nm? 


$ 24. PHENOMENA EXPLAINED BY THE QUANTUM PROPERTIES 
OF RADIATION. PHOTOELECTRIC EFFECT 


Basic Concepts and Formulas 


In addition to its wave properties, visible radiation also 
exhibits particle properties. At low frequencies, the wave 
properties of electromagnetic radiation are more pronounced, 
while at very high frequencies its particle properties domi- 
nate. 

According to Planck's theory, radiation is discrete. The 
units of electromagnetic radiation are known as quanta, and 
the particles carrying energy quanta are called photons. 

The main characteristics of a photon are its energy е and 
momentum p: 


e = hv = hclho, 
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where № is Planck's constant and № is the wavelength of 
the radiation in vacuum. 


Since photons, unlike other microparticles, move at the 


velocity of light, the formula for momentum can be written 
in the form 


p = mc. 
According to Einstein's formula, m = e/c?, 
р = ele = hyle or p = МА. 
The mass of а photon is 


and hence 


m = hvil. 


Comparing the formulas for energy, momentum, and mass, 
we can arrive at the following conclusion: for a monochro- 
matic light, all photons of frequency v have the same ener- 
gy, momentum, and mass. 

Photons at rest do not exist and therefore the rest mass of 
a photon is zero. 

The photoelectric effect 
light and a substance. 


to the luminous flux incident on the surface of the substance. 
2. The maxi 


maximum kinetic energy of the electrons liberated 
from an irradiated surface does not depend on the radiation’s 
intensity and is given by 


2 
тутах 


03 =U, 
Served, and m and e are the 


2 
hv = тутах 
№ Ate , 
where A is the work function de 
which must be acquired by 


fined as the kinetic energy 
the surface of the substance. 


an electron in order to leave 
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The maximum wavelength (the minimum frequency) at 
which a photoeffect can be observed is known as the photo- 
electric threshold for a given substance. 

Equating the kinetic energy of an electron in Einstein's 
formula to zero, we can determine the wavelength corre- 
sponding to the photoelectric thresholds for different mate- 
rials: 

he — 
Ama ^ 


The operation of photoelectric cells and photoresistors is 
based on the application of intrinsic and extrinsic photo- 
electric effects. The photoelectric effect is widely used in 
various fields. 


4 he 
Ath = "ub s 


Worked Problems 


Problem 112. A surface element of area 2 cm? is illumi- 
nated for 1 min by a radiation of energy 15 J. Determine the 
pressure exerted by the radiation if the surface (a) com- 
pletely absorbs the radiation and (b) completely reflects it. 

Given: W = 15 J is the radiant energy, t = 60 s is the 
time, 5 = 2cm? = 2 x 10-* m? is the area on which the ra- 
diation is incident. From tables, we take the velocity of 
light in vacuum c — 3 x 105 m/s. 

Find: the pressure p, exerted by the radiation when it is 
completely absorbed and the pressure p, when it is com- 
pletely reflected. 

Solution. The pressure arising as a result of the interac- 
tion between radiation and the substance can be found from 
the formula 


p— P^ a4 p), 


where W, is the radiant energy per unit time per unit sur- 
face area and p is the reflection coefücient. 
(a) When the radiation is completely absorbed, p — 0 
and 
W, Ww 
p,c—M, 0= 97 ' 
Ww 151 
== = 5 -6 
Pi = -ga —'xidumx3xd0 ауа 605 = 42 X 10 Pa. 
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(b) In the case of total reflection, p — 1, and 
2w _ d 
Pav р. = 8.4 x 10 Ра. 


Answer. The pressure produced by the radiation in the 
first case is approximately 4.2 x 10-8 Pa, in the second 
case, it is double this value. : 

Problem 113. The electron work function for zinc is 
3.74 eV. Determine the radiation threshold of photoelectric 
efiect for zinc. Calculate the velocity of the electrons emit- 
ted by zinc irradiated by ultraviolet light with a wavelength 
of 200 nm. 

Given: А = 3.14 eV = 


3.74 x 1.6 x 10-19 J is the elec- 
tron work function, 


4 = 200 nm = 2 x 1077 m is the 
wavelength of incident radiation. From tables, we take 
the velocity of light in vacuum c — 3 x 10* m/s, the 
Planck constant № = 6.62 x 40-9: Ј.5, and the mass of 
the electron, m, = 9,4 x 40-9 kg. 


Find: the radiation threshold Ath of the photoelectric 
effect for zinc, the maximum electron velocity v. 

Solution. The radiation threshold of the photoelectric 
effect is the maximum wavelength which can cause the 
Photoeffect. In this case the kinetic energy of an electron 
will be zero, and hence A — Ру = he/Aty. Thus 


zz 8.62 x10731 1.5 € 33 108 m/s Bem 
Ath 34 X 1831035] = 3.32 x 107 m = 332 nm. 


The ener 


£y hv of ultraviolet radiati 
the zinc pl 


ate is spent on the electro 
on the kinetic energy imparted to tl 


on photons incident on 
n work function A and 


he electron: A =Å + 


Mev? Е i 
~g- From this equation, 


we can determine the velocity 
acquired by the electrons i 


n photoeffect: 


whe ALD та v= у 20—10) 
a 2r e да 
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D 


V 2 (6.62 х 10791 J -s X 3 X 10% m/s —2 X 10-7 m x 3.74 X 1.6 х 10-19 J) 
9.4 X 103! kg X 2X 107 m 
— 9.3 x 105 m/s. 
Answer. The maximum wavelength of the radiation which 
may cause the photoeffect is 332 nm, the maximum velocity 
of the knocked out electrons is 9.3 x 10? m/s. 


Questions and Problems 


24.1. What is the pressure exerted by light on 1 mm? of 
a black surface to which 500 J of radiant energy are trans- 
ferred per second? 

24.2. The solar pressure on the surface of the Earth is 
4.7 х 10-4 Pa. Determine the energy of the radiation inci- 
dent per second on a square metre of the Earth's surface 
perpendicular to solar rays. 

24.3. The number of X-ray photons of frequency 7 x 
10 Hz incident per second on a square metre of a black sur- 
face is 2.5 x 10. What pressure does this radiation pro- 
duce? 

24.4. The yellow light of sodium vapour has a wavelength 
of 530 nm. What is the energy of a quantum of this light in 
joules and electronvolts? 

24.5. What is the ratio of the energy of a photon corre- 
sponding to the y-radiation of frequency 3 x 10?! Hz to the 
energy of an X-ray photon of wavelength 2 x 10-1 m? 

24.6. Determine the energy of a quantum corresponding 
to wavelength 10-7 m (in joules and electronvolts). 

24.7. How many photons make up 10-8:J of radiation at 
wavelength 2 рт? 

24.8. Determine the energy, mass, and momentum of an 
ultraviolet photon whose wavelength is 360 nm. 

24.9. Determine the energy, mass, and momentum of 
X-ray photons of wavelength 4 x 10-!! m. 

24.10. A comet was observed in the sky after sunset. In 
which direction was its tail pointing? 

24.11. The photoelectric threshold for tungsten corre- 
sponds to a wavelength of 405 nm. Determine the work func- 
tion for tungsten. 
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24.12. The work function for cesium is 1.9 eV. Determine 
the maximum wavelength of light at which a photoelectric 
effect is observed. ; 

24.13. Determine the maximum wavelength of light 
which may cause the extrinsic photoeffect from nickel if the 
work function for nickel is 4.5 eV. 

24.14. The work function for platinum is 6.3 eV. 
Will photoeffect be observed for a radiation of wavelength 
10-7 m? 

24.15. Light of wavelength 500 nm is incident on the sur- 
face of silver. Will the silver become charged or will it re- 
main neutral? If it gels charged, what is the sign of 
the charge? The Photoelectric threshold for silver is 
261 nm. 

24.16. The maximum wavelen 
produce a .phoioelectric effect in 
termine the maximum kinetic ene 
trons due to radiation of wavelength 200 nm. 

24.17. What is the energy of e 
Surface of copper irradiated b 
10° Hz if the work function for 


gth of radiation that can 
platinum is 234 nm. De- 


of wavelength 66 nm? The 
work function for sodium is 4 x 10-19 у 


Shold for a certain metal is 
unction for this metal and 
the maximum velocity acquired by its electrons due to ra- 
diation of wavelength 190 nm. 

24.20.1 What is the maximum velocity acquired by photo- 
electrons knocked out of molybdenum by radiation of fre- 
quency 3 x 10? Hz? The work function for molybdenum 


is 401 eV. Is the classical formula applicable in this 
case? 


—————— 


! It would be useful to 


Y reconsider thi bl f dyi 
the section on Special theory of Telativity 6 55). а. 
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$ 25. FUNDAMENTALS ОЕ THE SPECIAL THEORY 
OF RELATIVITY 


Basic Concepts and Formulas 


The special theory of relativity (STR) is based on two 
postulates. 

1. All physical processes in inertial frames proceed iden- 
tically and do not depend on the choice of the reference 
frame. 

2. The velocity of electromagnetic waves in vacuum is the 
same for all inertial frames. It does not depend either on 
the velocity of the source or on the motion of the observer 
(receiver of the light signal). 

The postulates of the special theory of relativity are in 
contradiction with the concepts of absolute time and space 
formed in Newtonian classical mechanics. The STR implies 
the following concepts. 

The relativity of lengths (distances): the length l of a rod 
(body) in a reference frame relative to which it moves will, 
according to the STR, be less than the length /, of the sta- 
tionary rod: 


l=l V TZ Tè. 


The transverse dimensions of a moving body will be the 
same in all inertial reference frames. 

The relativity of time intervals (relativistic time dilation): 
the time t measured in a laboratory system in which an 
observer is at rest and the intrinsic time Tọ measured using 
a clock moving together with the reference frame are relat- 
ed as 


Cum: 
Vi —v"/c® А 


lf the velocity of a moving reference frame is close to the 
velocity of light, the moving clock will lag behind the sta- 
tionary clock, i.e. time dilation will occur. 

The mass of a body will depend on its velocity: the rest mass 
то (intrinsic mass) and the mass m of the body moving at a 
velocity close to that of light are connected through the 
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following relation: 
то 
VIS c 
Given that the mass depends on the velocity, we can write 
the formula for the momentum of the body in the form 


т = 


mv 


pom Vice 


The relativistic law for velocity composition: the velocity 
v> of body M relative to a stationary observer in frame K 


can be determined from the 
formula 


ото 
27 1+-vyv/c? > 


where v, is the velocity of the 
body M relative to the refer- 
ence frame K’, v is the veloc- 
ity of the reference frame К” 
relative to the stationary ref- 
erence frame K (it is neces- 
Fig. 143 sary that the z-axis be the 
same for the two reference 
frames, Fig. 143). 
If we assume that vı = v = c, the resultant velocity can- 
not exceed the velocity c of light. 
The equation relating mass and energy (Einstein's mass- 
energy relation): for any interconversion of matter into 


energy, the change in energy is proportional to the change 
in mass: 


AE — c? Am. 
Worked Problems 
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Given: v = 0.6c is the velocity of the rocket relative to 
the stationary observer, lọ = 1 m is the proper length of the 
ruler, ё, = 6 years is the intrinsic time. From tables we 
take the proper density of steel, pọ = 7.8 х 10? kg/m?. 

Find: the length l of the ruler, the density р of steel, and 
the time t. 

Solution. The length of the ruler (along the trajectory of 
motion) for the stationary observer, relative to whom the 
rocket moves, can be determined from the formula 


= V 1 — 52/67, I-1my/1— = = 0.8 m. 


с 


The density of a substance is expressed іп terms of mass 
and volume: p — m/V, but V — 1S — Sy 1 — y]. In 
this problem, the transverse dimensions do not change, and 
hence 


p= mo 
Therefore 


A 7.8102 калта _ - 
pea ' p 0.64 1.2 x 10! kg/m?. 


(———— mo _ 
VIES Vive ’ but -ps = Po: 


The time for the stationary observer will be dilated and is 
defined by the formula 


to i= 6 years 
|. 08 


t= ——.—., = 7.5 years. 
Vive? Ў 


Answer. The length of the ruler for the stationary observer 
is 0.8 m, the density of steel is 1.2 x 10* kg/m?, and the 
time period is 7.5 years. 

Problem 115. The rest energy of a proton is approximately 
938 MeV. Determine the rest mass of the proton and the 
mass and velocity of protons to which a kinetic energy of 
70 GeV has been imparted in an accelerator. 

Given: E, = 938 MeV is the rest energy of the proton, 
Ey — 70 GeV is the kinetic energy of a proton acquired in 
the accelerator. From tables, we take the velocity of light 
in vacuum с — 3 x 108 m/s. 

Find: the rest mass mp, of the proton, the mass m, of the 
proton after the acceleration, and the velocity v of the pro- 
ton as a result of the acceleration. 
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Solution. We first recalculate the proton's energy in SI 
units (joules) 1 eV = 1.6 x 10-9? C x 1 V = 4.6 x 10-19 J, 
1 MeV = 1.6 x 10-13 J. Consequently, the rest energy is 


Е, = 938 х 1.6 x 10-1 J = 4.5 x 40-19 T. 
The kinetic energy of the proton after acceleration is 
Ey — 7 x 100 x 4.6 10-9 J = 4 42 х 40-5 J. 


In order to determine the rest mass of the proton, we shall 
use Einstein’s relation Ey = mp,¢?: 


Е 1.5 x 10-10 J m 
"n, та May рур gig = 1.67 x 4072 kg. 
The total energy of the 


proton can be determined from 
the formula E = Ep- E= 


m. Dividing the two sides of 
ni 
the equality by Ey—m, c?, we obtain Jem 
о Mpo Ey 


тр Ер 
тт Rn 1, whence 
Е 
тр= (= + 1) my 
1.42 10-8 J 
my (091 1) 1.67 x 10-й kg — 1.26 x 4075 kg. 


Having determined the mass of the proton after the accel- 
eration, we can find its velocity: 


2 
пе, V CH. "tm я _ №, 
p= , — 02/6? = с Mi 

И —02/с тр ci mi , 
whence 


m? 
Po 


— S а 
ре И 1 x = = ( 1.67 x 10-27 kg ) = 0.99. 


1.26 10735 kg 


Ove towards each other each 
0 a stationary observer. De- 
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termine the velocity with which the rockets approach each 
other according to (a) classical mechanics and (b) the theory 
of relativity. 

Given: v, = v, = 0.8с are the velocities of rockets relative 
to the stationary observer on the Earth. 

Find: the velocity и, at which the rockets approach each 
other according to classical mechanics and ига, the veloc- 
ity according to relativity, as well as the difference Au in 
these velocities. 

Solution. According to classical mechanics, we have 


и = + Ug, ug = 0.8с + 0.8с = 1.6c. 


According to relativistic mechanics, we have 


vitt 1.6c 
is = PIWCH + Ure = — jga = 0.976. 
ae a с 


The difference in these velocities is 
Au — 1.6c — 0.976c — 0.624c. 


These calculations show that the classical formula for 
composing velocities cannot be used when bodies move at 
velocities close to the velocity of light since this contradicts 
the relativity's postulate that the velocity of light in va- 
cuum cannot be exceeded. 


Questions and Problems 


25.1. Compare the lengths of two metre rods moving in 
their longitudinal directions with velocities 0.5с and 0.75c 
relative to a stationary observer. 

25.2. At what velocity of a body relative to a stationary 
observer is its length equal to 0.8 of its proper length? 

25.3. At what velocity should a body move relative to a 
stationary observer for its size along the line of motion to 
contract by a factor of two? Will the size change to an ob- 
server moving together with the body? 

25.4. A rocket moves at a velocity of 0.866c relative to a 
Stationary observer. The width of a plane rectangle arranged 
along the line of the motion of the body is equal to half its 
length. How will the rectangle appear to the stationary ob- 
server? 


18-0650 
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25.5. The radius of an electron at rest is 2 x 10-13 em. 
What will the contraction in the electron's radius be in the 
direction of motion at 0.8 of the velocity of light? 

25.6. The flight time measured in a rocket moving at a 
velocity 0.96c is one year. How much time will have 
elapsed for a terrestrial observer? Е 

25.7. How much time will have elapsed on the Earth if 
six years have passed in a rocket moving at a velocity of 
2.4 X 108 m/s relative to the Earth? 

25.8. The distance to the star in the Centaurus constella- 
tion nearest the Sun is traversed by light in approximately 
4.25 years. Express this distance in astronomical units and 
in kilometres. Determine the flight time (by a clock in a 

nd back in the rocket if the velocity of 


the rocket relative to the observer is 0.99c, and 1 AU > 
150 million kilometres. 


25.9. What will be the duration of a flight to a star by a 
rocket flying at a velocity of 0.9c for a Cosmonaut and for an 
observer on the Earth if the distance to the star is 40 light 
years? 


25.10. One kilogram of water is heated by 80 K. What is 
the increase in the mass of water? 


,, 25.11. What must the velocity of a particle be at which 
its kinetic energy is equal to its rest energy? 
25.12. What i 


is the velocity of an electron if its mass is 
four times its rest mass? 


25.13. Determine the 
ities of 5096 and 90 
25.14. What mus 


mass of an electron moving at veloc- 
% of the velocity of light. 

t the velocity of a proton bein an ac- 
celerator for its mass to be 596 greater? 


25.15. А body with a rest mass of 5 kg and density of 
7.8 х 10? kg/m? is in a rocket moving relative to a terres- 


obser ocity of 2.4 x 10° km/s. Determine the 
relativistic mass and density of the body. 


oves at a velocity close to that of light 
relative to a station: 


elocity of a body be for its densi- 
ty to be five times larger? 


' est energy of an electron (positron) 
in megaelectronvolts. What will the radiant energy emitted 
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аз а result of the annihilation of an electron and a positron 
be? 

25.19. Determine the momentum of an electron moving at 
0.6 of the velocity of light. у 

25.20. Two aeroplanes fly towards each other at velocities 
500 and 400 m/s. What is their relative velocity? 

25.21. Two particles move towards each other at a ve- 
locity (5/8)с each. What will their approach velocity be as 
calculated using the classical and relativistic formulas? 


Chapter V 


Physics of Atomic Nucleus 


§ 26. STRUCTURE OF ATOMIC NUCLEUS. ATOMIC ENERGY 
AND ITS APPLICATION 


Basic Concepts and Formulas 


According to the nuclear model of atoms proposed by Ru- 
therford and developed by Bohr, an atom consists of a pos- 
itively charged nucleus and electrons revolving about it. 
The nucleus contains protons and neutrons to which the 
general term “nucleons” is applied. 


A nucleus occupies a very small volume as Compared to 
the atom. If we assume 


n that the atomic nucleus is a sphere, 
the radii of the nuclei of different elements can be determined 
by the formula 


г = 1.4 x 10-377, 


where A is the 


mass number of an element. 
The density o. 


f matter in a nucleus is of the order of 1.3 x 
10" kg/m*. The mean density of nuclear matter is calcu- 
lated from the formula 


Wiere m is the mass of a nucleon and r is the radius of the 
nucleus. 


he atomic mass unit can be expressed in SI units: 


1 amu = 1.66057 X 10-27 kg, 
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In order to determine the mass of an atom, it is usually 
sufficient to use the mass number of the element: 


т. = А X 1.66057 x 10-7 kg. 


The nuclei of atoms of chemical elements are denoted by 
2X, where X is the symbol of an element, A is the mass num- 
ber, and Z is the atomic number of the element, which is 
equal to the number of protons in the nuclei. The particles 
are designated as follows: je is the electron, fe is the posi- 
tron, ¿ is the neutron, jp is the proton (the nucleus of а 
hydrogen atom is ;H), and iHe is the a-particle. 

The mass of an atomic nucleus is less than the sum of the 
masses of the nvcleons by a quantity known as the mass 
defect: 

Ат = Zm, + Nm, — mx, 


where mx is the mass of the nucleus, тр is the mass of the 
proton, т, the mass of the neutron. The mass m, of the atom 
is taken from the Periodic Table. Then 


mx =m, — Zm,. 


Nucleons are confined in a nuclei by nuclear forces which 
considerably exceed the electrostatic (repulsive) forces. For 
this reason, when a nucleus is split, a certain amount of 
energy is required to overcome the nuclear forces. When 
nucleons combine to form a new nucleus, the energy known 
as the binding energy is liberated. 

The relation between the binding energy and mass defect 
is given by Einstein's relation 


AE = Ame. 


A mass defect of 1 amu corresponds to a binding energy of 
931.5 MeV. 

Radioactivity (viz. the spontaneous disintegration of the 
nuclei of some isotopes with the emission of œ- and В-раг- 
ticles and y-rays) is a phenomenon that confirms the com- 
pound structure of nuclear atoms. 

Three principal types of radiation are emitted during ra- 
dioactive decay (Fig. 144), a-radiation which consists of 
helium nuclei {Не (the mass number after ana-decay decreases 
by 4 and the charge by two units), B-radiation which 
consists of electrons whose velocities are close to the veloc- 
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ity of light (an electron is produced during p-decay as a 
result of the transformation of a neutron into a proton, and 
hence the positive charge of the nucleus increases by one, and 
the mass number remains unchanged), and y-radiation which 
accompanies &- and f-decay. The emission of a y-quantum 
does not involve any change in the mass number or charge. 


The rules for the nuclei formed during radioactive decays 
are 


for an a-decay, 3X, > 2-3X, 4- tHe, 
for a В-Чесау, 2X,— Ха E 


The law of radioactive decay states that the number AN of 
nuclei undergoing u radioactive decay during the time in- 
terval from t to t + At is propor- 
tional to the number N of nuclei 
available at time t and to the length 
of the time interval At: 


AN = —AN At, 


where À is a decay constant which 
characterizes the rate of radioactive 
decay for a given species of nuclei. 
The minus sign indicates that the 
number of nuclei decreases during 
the decay process. 

In order to characterize the sta- 
ncept of a half-life is introduced. 
me required for half the nuclei ca- 


Fig. 144 


bility of a nucleus, the co 
The half-life T,;, is the ti 
Pable of decaying to do so: 


In2 0.693 


à X 


Ty, = 


Worked Problems 


Problem 117. The radioactive waste from nuclear power 
plants contains the radioactive strontium isotope %Sr which 
has a half-life of 28 years. O | 


f 3. Over what period will the amount 

of Strontium decrease by a factor of four? 
Given: Sp is the strontium isotope, and T,,, = 28 years 
is its half-life. 
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Find: the time t during which the amount of strontium 
decreases by a factor of four. 

Solution. The amount of decaying nuclei as a function of 
the half-life is represented by the curve in Fig. 145. We 
conclude from this graph that the amount of strontium 
nuclei will decrease to one quarter 
of the initial value in 2 x 28 years = 
56 years. 

Problem 118. What fraction of 
radioactive cesium '$Cs with a 
half-life of 30 years will decay in a 
year? Determine the decay constant. 

Given: ‘Cs is the radioactive 
cesium isotope, 7,/ = 30 years is 
the half-life, and ¢ = 1 year is the 
time. 

Find: the fraction AN/N, of de- Fig. 145 
cayed nuclei and the decay constant. 

Solution: We use N, to denote the initial number of atoms 
and № to denote the number of atoms remaining after time t. 
Then we can write AN — N, — N, where AN is the number 
of atoms that have decayed over the time f. 

According to the law for radioactive decay, № = N,e(7^^, 
e — 2.718... being the base of Napierian logarithm. 

Assuming that the time ¢ is small in comparison with the 
half-life T, we can use the approximation 


0.693 
AN =“ Ми, 


or 
AN _ 0.693 AN _ 0.693 х1 year | (у (оз 


No T * UNS 30 years 


The decay constant А characterizes the rate of the radio- 
active decay and can be determined from the formula 


0.693 0.693 a thse боча ge 


=-7 c "77 80x308x24x3000 s 
Answer. The fraction of cesium nuclei that decays over a 
yer is approximately 2.3%, the decay constant is 7.3 x 
di gat 
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Problem 119. Determine the compositions of lithium nuc- 
lei, hydrogen isotopes with mass numbers 1 and 2, and 
uranium isotopes with mass numbers 235 and 238. 

Given: 3Li is the nucleus of a lithium atom, iH is the nu- 
cleus of a hydrogen atom, iH is the nucleus of a heavy hy- 
drogen atom (deuteron), and °*0 and 2550 are the nuclei of 
uranium isotopes. 


Solution. The number of protons in a nucleus is deter- 


hich isequal to the atomic num- 
ber of the element in the Periodic Table. The charge number 


f the element symbol. The su- 


А that is equal to the number 
of nucleons in the nucleus: A = Z + N. Therefore, the 


Nc =Z. 


For lithium ji 2 = 3 and N=7 — 3 = 4. 
For ordinary hydrogen (1H), 2 = 1, and for heavy hydro- 
gen GH), Z=1,N = 1. 


Por 807 Я = 92, № — 146. 
For 3857, 7 = 92, N = 443. 
In this problem, h 
two isotopes. The i 


Mg +'H + 2X + Не. 

Since charge is Conserved, the sum of the harge numbers on 
the left-hand side must be equal to the sumet the ane 
numbers on the right-hand side, viz.1211—7 + 2. Hence 
the charge number Z of the unknown element is 11. The 
eleventh site in the Periodic Table is occupied by sodium. 
Since mass (the mass nu ber) is Conserved, the sums of 
the mass numbers on the left- and right-hand sides must he 
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equal (here this sum is 26). Consequently, we obtain a sodi- 
um isotope with a mass number of 22. 
In its final form, the reaction equation will be written as 


#Mg + iH — Ма -- {He. 


Problem 124. As a result of bombardment of aluminium 
by a-particles, a new nucleus and a neutron are formed. 
Write the nuclear reaction and identify the element whose 
nucleus is formed. 

Solution. We shall write the nuclear reaction. On the left- 
hand side, we write the initial quantities, while the right- 
hand side must contain the unknown nucleus and a neutron: 


SAI -- {Не > 2X + in. 


Equating the charge and mass numbers on the left- and 
right-hand sides (as in Problem 120), we conclude that the 
new nucleus is that of phosphorus. In its final form, the reac- 
Чоп is 

ЗА1+- 3He > з0р + in. 


15 

Problem 122. Determine the mass defect and the binding 
energy of the nucleus of a nitrogen atom. What is the 
binding energy per nucleon? 

Given: ЧМ is the nucleus of the nitrogen atom. From ta- 
bles, we take the rest mass of a neutron m, = 1.00867 amu, 
the mass of the nitrogen atom my = 14.0067 amu, the mass 
of a hydrogen atom my = 1.00797 amu, the velocity of 
light in vacuum c = 2.99792 x 108 m/s, and 1 amu = 
1.66056 х 10-27 kg. 

Find: the mass defect Am, the binding energy ЛЕ of the 
nucleus of a nitrogen atom, and the binding energy per nu- 
cleon AE/A. 

Solution. The mass defect is the difference between the 
sum of the rest masses of the free protons and the neutrons 
constituting a nucleus on one hand and the mass of the 
nucleus on the other, i.e. 


Ат = 2тр + Nm, — mx, 
where my is the mass of the nucleus, mx = mx — 2т,. 


Тһе: expression for the mass defect сап be considerably 
simplified if instead of the sum of the masses of protons we 
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take the sum of the masses of hydrogen atoms: 
Ат = Zmg + Nm, — my. 
Substituting in the numerical values, we obtain 
Am — 7 x 1.00797 amu 4- 7 х 1.00867 amu 
— 14.0067 amu ~ 0.10978 amu, 


Am = 0.10978 x 1.66 x 10-27 kg ~ 1.822348 x 


The bindin 
relation 


10-28 ke. 
5 energy can be determined using Einstein's 


AE = Ame, 


AE = 1.822 x 10-* kg (2.9979 m/s)? 


In atomic physics, the binding energ 
gaelectronvolts: 


= 1.638 x 10-1 J, 
y is expressed in me- 


AB = EBX tO MeV~102.4 Mev. 


Considering that 4 amu corresponds to the energy approx- 
imately equal to 931.4 Me 


» We can determine the binding 
energy in a simpler way: 
AE = 0.10978 X 931.4 MeV ~ 


The results of calculations clearly d 
The binding energy per nucleon is 


AE/A — 102 MeV/14 ~ 7.3 MeV/nucleon. 


The result is in agreement with the tabulated 
Answer, Т 


102.25 MeV. 


iffer insignificantly. 


at the Leningra Power plant is 3200 MW. The elec- 
tric power is 1000 MW The mass of the uranium charge in 
ne the efficiency of the unit, the 
mass of the uranium-235 consumed by the reactor over a 
year of continuou i at the total power. What 
fraction of the total charge does the mass of the consumed 
uranium constitute? 


0° W is the 


thermal power of the re- 
the electric 


Power of the unit, ¢ = 
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1 year = 3.15 x 107 s is the time for which the nuclear fuel 
consumption is being determined, m = 1.8 x 10? kg is the 
mass of the uranium charge of a reactor. From tables, we take 
the Avogadro constant МА = 6.02 х 1023 mol-!, the molar 
mass of uranium М = 235 x 10-3 kg/mol, and the energy 
liberated as a result of the fission of а 2350 nucleus, & = 
200 MeV. 

Find: the efficiency of the power unit, the mass m, of 
uranium consumed and the fraction m,/m of the consumed 
uranium. 

Solution. The efficiency of а unit is defined as the ratio of 
the electric power of the unit to the thermal power of a 
reactor: 

109 W 


Р, 
1= те 100%, 1= 33519 Ww 


In order to determine the mass of consumed ur»nium, we 
must find the number of 2350 atoms entering into the nuclear 
reaction over the time of oreration of the reactor. Since 
about 200 MeV of energy is liberated during the fission of 
а *5U nucleus and that 190 MeV are converted into heat, 
we can write N = P,t/E;, where E, = 190 MeV. Given the 
number of atoms in the reaction and the mass of a uranium 
atom, my = M/N4, we can determine the mass of con- 
sumed uranium: 


100% = 31.3%. 


М Ри 
Na EC 
235 x 10-3 kg-mol-1 x 3.2 x 10? W x 3.15 x 107 s = 1294 kg 
6.02 x 1023 mol^! х 190 х 1.6 x 10713 J Р 
Let us determine the fraction of the total charge соп- 
sumed over a year: 
mi 1294 kg — 0.007. 


m 1.8 x 105 kg 


Answer. The efficiency of the plant is abovt 3196, the 
amount of uranium-235 consumed during a year of operation 
is about 1300 kg, which is less than 196 of the total. 


m,—mygN, or m= 


m, 


Questions and Problems 


26.1. What is a-radiatior.? Why is it deflected less in a 
magnetic field than p-radiation? 
26.2. What force deflects z- and В-гауз in a magnetic field? 
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26.3. Which of the three radia 


lions (alpha, beta, and 
gamma) is not deflected by either magnetic or electric 
fields? 


26.4. What is y-radiation? What is the difference be- 
tween this radiation and X-rays? 


26.5. How many electrons occupy the electron shell of a 
neutral atom whose nucleus contains Six protons and six 
neutrons? 

26.6. The atomic nucleus of any chemical element con- 
sists of protons and neutrons. How can the emission of В-га- 
diation be explained? 

26.7. Determine the half-life of radon if 1.75 x 10° out 
of 10° atoms decay per day. What is the decay constant equal 
to? (Use the approximate formula.) 


26.8. The decay constants for bismuth-209 and poloni- 
um-210 are 1.6 x 10-5 s-! and 5.8 x 1075 5-1 respectively. 
Determine their half-lives. 

26.9. What fraction of the radioactive nuclei of 
сауз over 100 years if its half-life is 5570 years? 

26.10. It is known that 9.3 X 10 out of 2.51 x 10% 
available atoms of the Sodium-24 isotope undergo В-4есау. 
The half-life is 14.8 h. Determine the decay time and con- 
stant using the approximate formula (see Problem 118). 

26.11. The uranium isotope 2380] of 1-g mass emits 1.24 x 


10* a-particles per second. Determine the half-life and decay 
constant of the isotope. 


26.12. Determine the composition of hydrogen 1H, heli- 
um $He, alumini VAL i WU. a i 

amy? 707 а minium 13АІ, uranium 8U, and neptunium 
aa Np nuclei. What can be said about the neutron content 
of nuclei with increasing atomic number? 
26.13. What is the difference between the nuclei of the 
chlorine isotopes 1201 and “Cl? How can you explain the 
fact that chlorine has 


^ à relative atomic mass of 35.5 in the 
Periodic Table? 


"С de- 


: etermine the charges of the lithium, copper, and 
uranium-238 nuclei i P i 


n coulombs. 
26.16. One gram of radium emits 3.7 x 1010 q-particles 
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per second. Determine the charge of this radiation in cou- 
lombs. 

26.17. Determine the radius and nuclear density of he- 
lium and uranium-238 atoms. 

26.18. Write the reaction for the direct transformation of 
actinium-227 into francium-223. What type of a radioactive 
decay is it? 

26.19. What will happen to the uranium-237 isotope dur- 
ing B-decay? What will the mass number of the new ele- 
ment be? To which side of the Periodic Table will the nuc- 
leus be shifted? Write the reaction equation. 

26.20. A beryllium nucleus is formed by the reaction 
between a lithium nucleus and a deuteron. What particle is 
liberated in the process? Write the nuclear reaction equa- 
tion. 

26.21. The "age" of the objects discovered during an arche- 
ological dig is determined from the isotopes of a certain ele- 
ment the objects contain. Determine the charge and the 
mass number and identify the element from the following 
nuclear reaction: 


“N+ In — 2X tip. 


26.22. What are the resultant nuclei after the œ- and 
В-десау of xenon? 

26.23. Two y-quanta are formed by the annihilation of 
an electron and a positron. Assuming that the masses of the 
electron and the positron are the same, determine the energy 
of the y-radiation and its frequency. 

26.24. The presence of explosives in the luggage of air 
passengers can be detected using nuclear physics. An explo- 
sive normally contains nitrogen isotopes with mass num- 
bers 14 and 15. As a result of bombardment by neutrons, 
nitrogen isotopes with mass numbers 15 and 16 are formed. 
The latter isotope is radioactive and emits y-quanta that 
can be detected. Write the equation of the nuclear reaction. 

26.25. What must the energy of a y-quantum be for it to 
be convertable into an electron-positron pair? 

26.26. It is established that a proton is emitted during 
the bombardment of an aluminium isotope by helium nuclei 
with the formation of a new nucleus. Write the equation for 
the nuclear reaction and identify the new nucleus. 
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26.27. When boron “В captures a fast proton, three 
almost icentical tracks spreading in different directions are 
formed in a Wilson cloud chamber where the process takes 
place. What particles are responsible for these tracks? р 

25.28. Identify the particle denoted by the question 
mark in the nuclear reaction aLi +? — B + in 


26.29. What nuclei and particles are formed аз a result of 
the following reactions: 


Ро iHe — 2X + tn, 
1Н Y — HH? 

26.30. The transformation of phosphorus #P into silicon 
1151 is accompanied by the emission of a positron. What 
changes occur in the nucleus? 

26.31. Determine the ma 
atomic mass units and in 

26.32. Determine the mass defect of the boron nucleus 
‘3B in atomic mass units and in energy units. 

26.33. Determine the mass defect and the binding energy 
for the uranium-238 nucleus. 

26.34. Analyze the following nuclear reactions and de- 

termine whether the energy is liberated or evolved: 
2Не + Не — Li +3H, 
1Be--1H —- “B+ in, 
sLi 4- 1H — 24Не. 

26.35. Determine the ener 
action ‘Li + iH +4He + 2Не (see Table 25). 

26.36. In order to i 
10° t of coal have to be burnt annually, which involves the 

. discharge of 8 x 403 + of ash and tens of thousands of tons 
of sulphur dioxide into the atmosphere. How much uranium- 
235 is required to obtain the same power for the same ef- 
ficiency? 

26.37. The fission of a urari 
ments is accompanied by the li 
of energy, How much petrol 
Same energy as that liberated 

& of uranium is consumed ? 


26.38. Calculate the energy liberated by the combustion 
of 1120 t of A-1 grade coal, of 376 t of petroleum, of 


ss defect of a lithium nucleus in 
kilograms. 


um-235 atom into two frag- 
beration of about 3 x 10-1! J 
has to be burnt to obtain the 
in a nuclear reaction in which 
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5 x 10° m? of natural gas and the energy generated by the 
fission of 260 g of uranium-235. 

26.39. The efficiency of the reactors installed at the Kolsk 
and Rovensk nuclear power plants is 32%. How much ura- 
nium 235 is consumed in a nuclear reactor per hour if its 
electric power is 440 MW? 

26.40. How much energy is liberated in the nuclear re- 
actors of the nuclear-powered icebreaker Lenin if the daily 
consumption of uranium-235 is 62 g? 

26.41. The thermal reactors installed at atomic power 
plants (operating on slow neutrons) do not utilize the nuclear 
fuel very efficiently and cannot ensure the required scale of 
production of nuclear power. The situation is different for 
reactors on fast neutrons. Why? 

26.42. Which of the particles listed below are stable: a 
photon, an electron, a neutrino, a proton, a neutron, or a 
л-теѕоп? 

26.43. The annihilation of a proton and ап antiproton 
generates y-radiation. Calculate the energy of the photons 
if the masses of the proton and the antiproton are the same 
and equal to 1.67 х 10-27 kg. 

26.44. Controlled nuclear fusion would be a prodigious 
way of obtaining energy. As much energy is liberated by the 
fusion of the deuterium contained in one litre of ordinary 
water as by combustion of 350 ) of petrol. Calculate this 
amount of energy. 

26.45. If 5 x 10! kg of hydrogen are fused into 49 644 kg 
of helium, how much energy is liberated? 


Chapter VI 


General Remarks on Astronomy 


$ 27. FUNDAMENTALS OF ASTRONOMY 


Basic Concepts and Formulas 


Astronomy facilitates a deeper understandin 
of the world and extends dialectical and m 
about matter and various forms of its exist 
opment of cosmonautics has broadened the means for in- 
vestigating the processes occurring in the Universe and the 
way they influence the life on our planet. 

„Тре celestial sphere is defined as having an arbitrary ra- 
dius with the centre at the point of observation, onto which 


g of the physics 
aterialistic ideas 
ence. The devel- 
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example, the constellation of Ursa Minor does not set at 
the latitude of Moscow. The brightest star in this constella- 
tion, Polaris, is very close to the north celestial pole. Since 
the geographical latitude of an observation point can be 
determined from the angular distance from the plane of the 
horizon to a celestial pole, the geographical latitude in the 
northern hemisphere can be determined from the altitude 
of Polaris. 

The ecliptic is the apparent annual path of the Sun on 
the celestial sphere. The ecliptic intersects the celestial 
equator at points known as vernal equinox and autumnal 


Zenith 
я 


Fig. 148 Fig. 149 


equinox (Fig. 147). The most remote points from the equa- 
tor are passed by the Sun on the 22nd of June and on 22nd 
of December, which are known as summer and winter sol- 
stices respectively. The ecliptic passes through twelve con- 
stellaiions of the Zodiac, namely Pisces, Aries, Taurus, 
Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, 
Capricorn, and Aquarius. 

The position of a star on the celestial sphere is deter- 
mined by two coordinates: its declination 6 and right ascen- 
sion « (Fig. 148). 

The large circle of the celestial sphere passing through the 
celestial poles and a given star is known as the declination 
cirele, while the angular distance from the celestial equator 
to the star, measured along the declination circle is known 
as the declination of the star. Declinations are positive to 


19-0530 
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the north of the equator and negative to the south of it. 
The declination of the star is similar to the geographical 
latitude. The right ascension is measured along the celestial 
equator from the vernal equinox to the declination circle 
passing through the given star. This coordinate is similar 
to the geographical longitude and expressed in units of 
time. 

The passage of a star through the meridian is known as its 
culmination. Each star passes through the meridian twice a 
day. The apparent noon is the upper culmination of the cen- 


tre of the solar disc, while the apparent midnight corresponds 
to its lower culmination. 


The altitude h of a star abov 


e the horizon at its upper cul- 
mination can be determined 


irom the formula (Fig. 149) 
k = 90° — p + 6, 


where ф is the geographical latitude. In addition to the Sun 


and planets, the Solar System contains asteroids (small 
planets), comets, and meteoric dust. 


Our star, the Sun, is an ordinary star in the Milky Way 


(Galaxy). Its diameter is 1390000 km, i.e. 109 times the 
diameter of the Earth 


and its mass is 333000 times that of 
the Earth. 


The hot gaseous Sphere of the Su 


drogen and 13% of helium. Many other elements are present. 
in small amounts, The temperature at the centre of the Sun 
is about 2 x 107 К and the pressure is of the order of 2 x 
107 GPa. Under th 


н еѕе conditions, fusion reactions take 
place, which are the Source of the solar energy. 


The Inotion of celestial bodies and their gravitational 
attraction obey the laws of physics 


Kepler's first. law States that 
the Sun along elliptical orbits 
foci. 

Kepler's second law: the r 
from the Sun Sweep equal 


n consists of 85% of hy- 


all planets revolve around 
with the Sun as one of the 


adius vectors of a planet drawn 


„Sun areas in equal times (Fig. 150). 
Kepler’s third law: the squares of the times taken by two 
planets to describe their orbi 


lescr 15 are proportional to the cubes 
of the semimajor axes of the orbits: 
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Newton refined Kepler's third law for comparing the masses 
of celestial bodies: 

mim. Tis _ Ri. 

magma Tj, BC 


where ту, mg and ms, m, are the masses of two pairs of celes- 
tial bodies revolving one around the other, and Tis, Гуа, 
Riz, and Ry, are respectively the periods of revolution and 
the mean distances between the bodies. 

Newton's law of universal gravitation: all bodies in the 
Universe are attracted to one another with a force propor- 


Fig. 151 


tional to the product of their masses and inversely propor- 
tional to the squared distance between their centres of mass: 


RAG тать 


pi 3 


where G is the gravitational constant. The distances to ce- 
lestial bodies are determined by parallax. The horizontal 
parallax p is the angle at which the radius of the Earth per- 
pendicular to the line of sight is seen from a celestial body 


(Fig. 151): 


T9 
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x of a star i ich the ra- 
nual parallax of a star is the angle at whic | 
я: the Earth orbit perpendicular to the line of sight D 

is seen from the star (Fig. 152): 

а 
Б sinp ’ 
The unit of length in astronomy is the astronomical unit 
(AU), 1 AU = 149.6 x 10° km is the mean distance be- 
tween the Sun and the Earth. When discussing stars and 
galaxies, the units of length are the light year and parsec (pc), 


2— p 


9—0 
» 
Xe 


Fig. 152 


1 pc — 206265 AU — 30.86 x 101 


km. One light year is 
the distance traversed by light in or 


he year: 1 light year = 


e of the problems, the star chart should 
be used. To do this, trace the circle 


book. It should be cut alon 
geographical latitude of th 
ing the circle to the star chart on the f 


obtain the celestial map for the required month and hour of 
observation. For example, 


on October 10, it is necess. 


Worked Problems 


Problem 124, Determine t] 
to the mass of the Earth if 


21.2 days and the mean distance 
from the Earth 10 the Moon is 384000 km. 
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Given: Тмооп = 27.2 days is the period of revolution of 
the Moon round the Earth, амооп = 3.84 x 10° km is the 
mean distance from the Earth to the Moon, and Траг = 
365 days is the period of revolution of the Earth round the 
Sun. From tables, we take the mean distance from the Earth 
to the Sun аран = 1.5 X 108 km. 

Find: the ratio between the mass of the Sun and the mass 
of the Earth, msun/ntgarth- 

Solution. We shall use the formula for the refined ver- 


i Ши Thi a3, 
sion of Kepler’s third law: —“"— pem = “Barth | 
MEarth i Moon Moon Moon 


Since the mass of the Earth relative to that of the Sun 
and the mass of the Moon relative to the mass of the 
Earth are negligibly small, we can rewrite the formula as 


Tan ai, т, a3, 
follows; _ 5л Earth _ “arth — Henee Sun |. Earth x 
pe " gari? Moon ?Moon MEarth TMoon 
Moon 
Траг i 


Substituting in the numerical values, we obtain 


Тип (1.5 x 108 km)? (27.2 days)? — 4« 
Mparth (3-84 X 105 km)? (365 days)? 330000. 


Answer. The ratio between the masses of the Sun and Earth 
is about 330000. 

Problem 125. Determine the mean distance between the 
Earth and the Moon using the following data: (1) the hori- 
zontal parallax of the Moon is p = 0.57’, and (2) an elec- 
tromagnetic signal sent to the Moon from the Earth returns 
in 2.56 s. What is the mean velocity of motion of the Moon 
round the Earth if the sidereal month is 27.3 days long? 

Given: p — 0.57' is the horizontal parallax of the Moon, 
t = 2.56 s is the time required for the electromagnetic sig- 
nal to traverse twice the distance from the Earth to the 
Moon, Т = 27.3 days = 27.3 x 3600 x 24s is the sidere- 
al month. From tables, we take the mean radius of the 
Earth Аран = 6370 km and the velocity of light c = 
3 x 105 km/s.  . 

Find: the distance d from the Earth to the Moon and the 
mean velocity v of the Moon in its orbit. 

Solution. 1. The horizontal parallax of the Moon is defined 
as the angle at which the radius of the Earth is seen from 
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the Moon (see Fig. 151). Consequently, EU = вани ; 
Here it is more convenient to express the parallax in degrees: 
p = 0.97' = 0.95°. Then 
360° x 6370 km 
d= 7095x838 ~ 384380 km. 


2. A radio signal sent to the Moon will be reflected by its 
surface and return to the Earth. We know the time in which 


the radio signal covers twice the distance from the Earth to 
the Moon. Therefore, 


X 9.56 
а=. do 30999 Enfe X 2.8 6 ... 384000 km. 

In order to determine the mean orbital velocity of the 
Moon around the Earth we use the formula v = 2ла/Т, where 
T is the sidereal month, i.e. the time taken by the Moon 
to complete one revolution around the Earth relative to the 
stars. Substituting the numerical values, we obtain 

p... 0.28 X 3.84 x 105 km 
UT 3х х3800 s ~% 1.02 km/s. 

Answer. The approximate distance between the Earth and 

the Moon given by the two methods are (1) 384380 km and 


(2) 384000 km. The mean orbital velocity of the Moon is 
1.02 km/s. 


Questions and Problems 


27.1. How long does it take 


to the Earth? The distance f. t SER OT 
149.6 x 10° km, and rom the Sun to the Earth is 


the veloci i i < 
10 ХА velocity of light is 2.998 x 

27.2. Determine the distance to « Centauri (the nearest 
Star to the Solar System) if its light takes 4.25 years to 
reach the Earth. Express the distance in kilometres and 
рагзесз. 

27.3. The mean 
planet Pluto is 40 
this distance? 

27.4. It takes 2 X 105 i 

2 years for light to travel from the 
ne: i 
end us galaxy in Andromeda. Express this distance 


light to travel from the Sun 


distance from the 


Sun to the farthest 
AU. How long does i 


t take light to cover 


27.5. List the brightest stars, Whose magnitudes are ex- 
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pressed in negative numbers. 

27.6. What constellation includes Sirius? What does its 
negative declination indicate? 

27.7. The star Sirius is about 8.4 x 108 km from the 
Earth. How long does it take its light to reach the Earth? 

27.8. Light takes over 100000 years to traverse the larger 
diameter of our Galaxy. Determine the approximate size of 
the Galaxy in parsecs. 

27.9. What is the brightest star in the northern celestial 
hemisphere? What constellation does it belong to? 

27.10. Name the points of the horizon lying on the celes- 
tial meridian and celestial equator. 

27.41. Name the equatorial constellation cut into two 
unequal parts by another constellation. 

27.12. Compile a list of the nonsetting constellations in 
your locality by observation. Verify the correctness of your 
observations with star chart. 

27.13. Determine the position of the constellation Andro- 
meda on the star chart at the moment of observation and 
locate it in the sky. The nearest Galaxy to us is a misty spot 
in the vicinity of this constellation. Observe this galaxy. 

27.14. Does the Sun always rise exactly in the east and 
set exactly in the west? 

27.15. Which Zodiac constellations салпо be observed on 
the north pole? 

27.16. Where must an observer be to see the north celes- 
tial pole at the zenith? 

27.17, The angular distance of the celestial pole from 
the zenith is 34° 15’ for an observer at Moscow. What is the 
geographical latitude of Moscow? 

27.18. Determine the altitude of Polaris for your locality. 

27.19. The geographical latitude of Leningrad is 59° 56’. 
What is the angular distance between the zenith and the ce- 
lestial pole for Leningrad? 

27.20. Use the star chart to determine the constellation 
which is located on the northern horizon at midnight on 
May 15 at the latitude of Moscow. 

З Determine the constellation at that point and at the same 
time at your latitude. 

27.21. By how many degrees does the Sun move along the 
ecliptic per day? 

27.29. What are the declination and the right ascension 
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of the Sun on the 22nd of March? | 
27.23. What are the declination and the right ascension 
of the autumnal equinox? 
27.24. What is the altitude of the Sun at noon in Moscow 
at the summer solstice? 
27.25. What will the angular diameter of the Earth be 


for a cosmonaut on the Moon if the radius of the Earth is 


6370 km and the distance from the Earthto the Moon is 
384000 km? 


27.26. The angular diameter of the Sun is 32’. Determine 
the diameter of the Sun. 

27.27. The maximum horizontal parallax of Mars is 23". 
Calculate the minimum distance between Mars and the 
Earth. 

27.28. The annual parallax of Vega is 0.121", 
the distance from the Earth to Vega in parsecs. 

27.29. Calculate the period of revolution of Uranus 
around the Sun if the mean distance between it and the Sun 
is 19.19 AU. 

27.30. Saturn orbits the Sun once in 29.46 years. Deter- 
mine the mean distance between it and the Sun. 

27.91. The period of revolution of Tupiter round the Sun 
is 11.86 years. Determine the mean distance from it to the 
Sun in astronomical units and in kilometres. 

27.32. How will the Earth appear to an observer on the 
Moon at the instant when full Moon is seen from the Earth? 

27.33. Venus is Sometimes called the morning star and 
evening star. For what latitudes is this true? 


27.34. What is the phase of Venus when it is observed as 
à morning star? 
E [i дзе заа] parallax of our closest star, о; Centauri, 
“10. How long would it take f sp: а here 
с red e tor a spacecraft to fly th 
. 27.36. The distance to Barnard's star is 1.83 pc. What 
is its annual parallax? 


do the seasons not change у 5 
27.38. Determine the mean density Ar mn Vener i 
. ensity of sola г. Take 
the required data from tables. Sity solar matter 


27.39. Determine the li 


Calculate 


first time, assumi 
distance from t 


Appendices 


1. Basic Physical Constants 


Velocity of sound in air under normal 


conditions 
Velocity of light in vacuum 
Gravitational constant 
Free fall acceleration 
Avogadro constant 


olar volume of ideal gas under normal 


conditions 
Loschmidt number 

olar gas constant 
Boltzmann constant 
araday constant 
Electric constant 
Magnetic constant 


Hydrogen atom mass 
Electron rest mass 

Proton rest mass 

Neutron rest mass 
Elementary charge 

Electron charge-to-mass ratio 


Ratio of proton and electron masses 


Atomic mass unit 

Planck constant 
Stefan-Boltzmann constant 
Wien constant 


ydberg constant (for hydrogen) 


Triple point for water 


= 331.46 m/s 

c = 2.998 х 108 m/s 

G = 6.67 X 10-1! N -m?/kg? 
g = 9.807 m/s? 

МА = 6.022 x 10% то]-1 


c 


m = 22.4 X 10-9? m?/mol 
/L = 2.687 X 109 m~? 
R = 8.314 J/(mol-K) 
1.381 x 10-23 J/K 
F = 9.648 X 104 C/mol 
fg = 8.85 X 10-12 F/m 
Но = 4z X 10-7 H/m = 
1.257 X 10° П/т 
my = 1.673 X 10-? kg 
те = 9.100 X 10-31 kg 
= 1.673 x 10-7 kg 
my, = 1.675 X 10-27 ke 
1.602 x 1023? C 
elme = 1.159 x 101! C/kg 
тр/те = 1836.15 
1 amu = 1.660 х 10-2 kg 
h = 6.626 x 10-95 J.s 
5.67 X 10-5 W/(m?-K4) 
2.897 x 10-? m.K 
Riss 1.097 х 107 m-! 
T = 273.46 К (t = 0.01°C) 


2. Density of Some Substances, р, kg/m? 


Solids (at 293 K) 


Aluminium oF 36 108 
mber 1.4 x 10? 
Tass 8.5 x 10° 
Brick 1.5 x 103 


Cast iron 
gray 7.0 x 10? 
white 7.5 X 103 


298 Appendices 


А Q Р 103 
Concrete 22 x 108 Nichrome 8.3 en 
Constantan 8.9 x 103 Nickel. 8.9 x n 
Common salt 2.4 X 103 Nickeline 8.8 X Tos 
Copper 8.9 x 10? Oak 0.8 X 10° 
Cork 0.24 x 103 Paraffin 9.0 х 103 
Diamond 3.5 x 10? Platinum 21.5 X 108 
Ebonite 1:2 x 109 Porcelain 28 x 108 
Germanium 5.32 х 103 Rubber 0.94 x 108 
Gold 19.3 x 103 Silver 10.5 X 10 
Graphite 2.1 x 103 Snow 0.2 х 103 
Ice (0°C) 0.9 x 10? Tin 7:8 X 10° 
Iridium 22.4 X 10? Tungsten 1.93 X 105 
Iron, steel 7.8 х 103 Uranium 19.0 X 108 
Lead 11.4 х 103 Window glass 2.5 X 108 
Manganin 8.5 x 103 Zinc 1.1 X 
Mica 2.8 x 103 
Liquids (at 293 K) 

cetone 0.8 x 103 Nitrobenzene 1.2 x 40° 
А 1.02 x 103 Oil А Р 
Benzene 0.85 x 103 castor (mineral) 0.92 x 107 
Carbon bisulphide 1.26 x 10? transformer 0.89 x 10° 
Copper sulphate so- vegetable 0.93 x 103 

lution (saturated) 1.15 x 103 Petrol 0.7 x я 
Ethyl (methyl) al- Petroleum 0.9 x 10° 

cohol 0.79 x 103 Turpentine 0.87 x 10° 
Ethyl ether 0.71 x 103 Water ^" 
Glycerine 1.26 x 103 at 277 K 1.0 x 10° 
Kerosene 0.8 x 103 heavy 1.06 x 10° 
Mercury (at 273 К) 13.6 x 103 sea 1.03 x 10 

Gases 

(under normal conditions: Po = 1.013 X 10° Pa and T, = 273 K) 
Acetylene 147 Hydrogen 0.09 
Air 1.29 Kry ton 3.74 
Ammonia 0.77 Methane 0.72 
Argon 1.78 Neon 0.9 
Butane 0.6 Nitrogen 1.25 
Carbon dioxide 1.98 Oxygen 1.43 
Chlorine 3.24 Propane 5.01 
Helium 0.18 Xenon 5.85 

3. Specific Heat Capacity of Some Substances, c, J/(kg- K) 
Solids 

Aluminium 880 Cast iron 550 

ае 380 Cement 800 


750 Concrete 920 
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Copper 380 Platinum 
Glass 840 Sand 
Gold 125 Silver 
Ice (snow) 2090 Sulphur 
lron, steel, nickel 460 Tin 
Lead 120 Wood (spruce, pine) 
Naphthalene 1300 Zinc 
Paraffin 3200 
Liquids 

Ethyl alcohol 2430 Machine oil 
Ethyl ether 2330 Mercury 

ycerine 2430 Transformer oil 
Iron 830 Turpentine 
Kerosene 2140 Water 


Gases (at constant pressure) 


Air 1000 Hydrogen 
Ammonia 2100 Nitrogen 
Carbon dioxide 880 Oxygen 
Helium 5200 Water vapour 


125 
970 
250 
712 
250 
2700 
400 


2100 

125 
2093 
1760 
4187 


14300 
1000 
920 
2130 


4. Specific Heat of Combustion for Some Substances, 4, J/kg 


Solid fuel 
Brown coal 9.3 x 109 Coal 
Charcoal 3.1 x 10? А-1 grade 
Chocks 1.5 x 10? A-2 grade 
Coke 3.03 x 107 Donetsk 
Firewood 8.3 x 108 Ekibastuz 
Gun powder 3.0 x 105 Peat 

Liquid fuel 
Diesel 4.2 х 10? Kerosene 
Еу alcohol 2.7 х 107 Naphtha 
Fuel oil 4.0 x 107 Petrol, petroleum 


Gaseous fuel 


(per cubic metre under normal conditions) 
Blast-furnace gas 3:7 2c 108 Producer gas 
оке-оуеп gas 1.64 x 107 Town gas 
Natural gas 3.55 x 107 


X 107 
X 107 
X 107 
X 107 
X 107 


4.4 x 10° 
4.33 х 107 
4.6 х 107 


mo 
921 
XX 


10° 
107 
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5. Boiling Point and Specifie Latent Heat of Vaporization 


Substance | TUR t, °C г, J/kg 
Acetone 329.2 56.2 5.2. 10° 
Air 81 —192 24 x 105 
Ammonia 239.6 —33.4 1.37 x 10° 
Ethyl alcohol 351 78 8.57 x 10% 
Ethyl ether 308 35 3.52 x 10° 
Freon-12 243.2 —29.8 1.68 x 109 
Iron 3023 2750 5.8 x 10! 
Mercury 630 357 2.85 x 105 
Petrol 423 150 3.0 x 10° 
Turpentine * | 433 160 2.94 x 105 
Water 

heavy 374.43 101.43 2.06 x 105 
ordinary 373 100 2.26 x 10° 


6. Pressure and Density of Saturated Water Vapour 
at Various Temperatures 


[ x10-3 
t, °C р, кра | РО, | °С | p, kPa Pg m? 
—10 0.260 244 | 16 1.813 13.6 
—5 0.401 3.24 | 17 1.933 14.5 
—4 0.437 3.51 18 2.066 15.4 
—3 0.476 3.81 19 2.199 16.3 
—2 0.517 443 20 2.333 17.3 
—1 0.563 4.47 21 2.493 18.3 
0 0.613 4.80 22 2.639 19.4 
1 0.653 5.20 23 2.813 20.6 
2 0.706 5.60 24 2.986 21.8 
3 0.760 6.00 25 3.173 23.0 
4 0.813 6.40 26 3.359 24.4 
5 0.880 6.80 27 3.559 25.8 
В 0.933 7.30 28 3.786 21.2 
7 i -000 7.80 29 3.999 28.7 
8 1.066 8.30 30 4.239 30.3 
E. “146 8.80 40 7.371 51.2 
10 1.226 9.40 50 12.33 83.0 
Н 1. 10.0 60 19.92 130.0 
Fi Ho 10.7 80 47.33 293 
13 1500 11.4 100 101.3 598 
is 1508 12.4 120 198.5 4123 
. 12.8 160 618.0 3259 
200 1554 7763 
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7. Young's modulus for Some Substances, E, GPa 


Aluminium 70 Copper 130 
Brass 110 Iron 200 
Brick 28 Lead 17 
Cast iron 90 Steel 220 
Concrete 20 


8. Boiling Point and Specilic Latent Heat of Vaporization 
for Water under Various Pressures 


t, *C | p, MPa т, MJ/kg | t, *C р, MPa | r, MJ/kg 
| 
10 0.001 2.47 | 197.4 1.47 1.95 
100 0.1 2.26 346 15.7 0.9 
151 i 2.11 347.15 22.1 0 


9. Boiling Point and Critical Parameters for Some Substances 


Critical parameters 


iling int, 
Substance Венд ter temperature pressure 
top °С Регх!0°, Ра 
Argon —186 —122.4 48 
Ether 35 193.8 35.0 
Ethyl alcohol 78 243.1 63 
Helium —269 — 267.9 2.25 
Hydrogen —253 —241 12.8 
Krypton —193 —63.62 54.27 
Neon —246 —228.7 26.9 
Nitrogen —196 —147.1 33.5 
Oxygen —183 —118.4 49.7 
ater 100 374.15 221.3 
Xenon —108 18.76 57.64 


10. Melting Point and Specilic Latent Heat of Fusion for Some 
Solids at Melting Point 


Substance | Tm K | tm "e | ^, J/kg 
Aluminium 932 659 3.8 x 105 
ast iron 
gray 1423 1150 9.7 X 10* 
White 1473 1200 1.3 х 109 
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10. Melting Point and Specific Latent Heat of Fusion for Some 
Solids at Melting Point (cont.) 


Substance | Ty, К tm °C A, J/kg 
Copper 1356 1083 1.8 x 105 
Gold 1337 1064 6.6 x 108 
Iron 1803 1530 2.7 X 10° 
Lead 600 327 2.5 X 10, 
Мегсигу 234 —39 1.35 x 105 
Naphthalene 353 80 1.51 X n 
Silver 1233 960 8.8 х 1 s 
Steel 1673 1400 24 X 10 
Sulphur 385.8 112.8 5.5 х 10° 
Tin 505 232 5.8 X 108 
Tungsten 3683 3410 2.6 х 105 
Water, ice 273 0 3.35 х 105 
Water, heavy 276.82 3.82 3.16 x 107 
Wood's metal* 341 68 3.2 x 10; 
Zinc 692 419 1.18 x 10 


* Wood's metal with this me 
12.596 tin, and 12.595 cadmium. 


lting point contains 50% bismuth, 25% lead, 


11. Surface Tension for Some Substances, о, N/m (at 293 К) 


Acetone 

Castor oil 

Copper sulphate solution 
Ether 


Ethyl alcohol 
lycerine 
Kerosene 


12. Coefficient of Linear Ех 
2.8 
) 


Aluminium, duralumin 
rass 

Bronze 

Cast iron 


Concrete, cement (1- 


Copper 
onite 

Glass 
quartz 
window 


———Á— 
* Invar contains 649 


4 


0.024 
0.033 
0.074 
0.017 
0.022 
0.059 
0.024 


10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 


10- 
10-8 


хх XXXXXXX 


9 
38 
RU 
S 
.0 
6 

9 


% iron and 36% nickel. 


Mercury 

Milk 

Petrol 

Soap solution 
Turpentine 
Water 


Gold 
Invar* 
Iron, steel 
Lead 
Nickel 
Platinum 
Platinite 
Tin 
Tungsten 
Zinc 


0.470 
0.045 
0.029 
0.040 
0.027 
0.072 


pansion for Some Solids, æ, K- 


1 
& 


= 
1 
e 


осоо 
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13. Coefficient of Volume Expansion for Some Liquids, В, K- 


Sonor f$ 
чом» ou 
XXXXXX XX 


EIL 


10-4 
10-4 


1075 
1074 
1074 
1074 
1074 
1074 


e 
wawi 


NUDE Ee p со со О bo ze» BO м 


со оо 


7.3 X 
4.2 X 
1.05 х 
9.5 XxX 
1.05 X 
4.5 X 
1.58 X 
1.2 X 
143 х 
5.8 X 
5.95 X 


toco 


о о 


0.0001 
0.0004 
0.006 

0.0050 


Acetone 1.2 x 10? Sulphuric acid 
Ethyl alcohol 1.1 x 10-3 Transformer oil 
Ethyl ether 1.6 x 10-5 Water at 
Glycerine 5.0 x 10-4 5-10°С 
егозепе 1.0 х 10-9 10-20°С 
Mercury 1.8 х 10-4 20-40°С 
Petrol 1.0 х 10-3 40-60°С 
Petroleum 1.0 x 10-3 60-80°С 
80-100°С 
14. Permittivity = for Some Substances 
Air Paraffin 
at 0.1 MPa 1.0006 Petrol 
at 10 MPa 1.055 Porcelain 
Amber 2.8 Rubber 
Aniline 84 Rutile 
Ebonite 2.7 Shellac 
OXy resin 3.7 Sulphur 
ass 5-10 Transformer oil 
Glycerine 39 Vacuum 
ydrogen 1.0003 Water 
Ice at —18°C 3.2 Water at 0°C 
Kerosene 2.0 Wax 
Marble 8-9 Waxed paper 
Mica 6-9 
15. Resistivity of Some Materials, p, ©: т 
Aluminium 2.1 x 10-8 Nickel 
Brass 6.3 x 10-8 Nickeline 
Coal (4.0-5.0) x 10-5 Nichrome 
Constantan 4.7 X 10-2 Osmivm 
Copper 1.68 х 10-8 Platinum 
Ferro-aluminium Rheotan 
high-resistance Silver 
alloy 14 x 10-9 Steel 
Gold 22 X 10-8 Tin 
Iron 9.9 x 10-8 Tungsten 
Lead 2.07 X 107 Zinc 
anganin 3.9 x 10-7 
fercury 9.54 x 10-7 
16. Temperature Resistance Coefficient for Some Substances, a, K~! 
Cast iron 0.002 Nickeline 
onstantan 0.000005 Rheotan 
anganin 0.000008 Steel 
ichrome and ferro-alumi- Tungsten 
nium high-resistance 
alloy 0.0002 
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17. Electrochemical Equivalent for Some Substances, k, kg/C 


Aluminium 9.32 x 10-8 Lead 1:075. 1059 
Calcium 2.077 х 10-7 Magnesium 1.26 x 1077 
Chlorine 3.67 х 10-7 Mercury 2.072 x 10-9 
Chromium (bivalent) 2.79 x 10-7 Nickel Н 
Соррег bivalent 3.04 x 1077 
bivalent 3.29 x 10-7 trivalent 2.03 x 10-7 
monovalent 6.6 х 10-7 Oxygen 8.29 x 10-5 
Gold 6.81 x 10-* Potassium 4.052 x 10-7 
Hydrogen 1.045 x 10-8 Silver 1.118 x 10-9 
Iron Sodium 2.383 x 1077 
bivalent 2.89 х 10-7 Zinc 3.388 x 1077 
trivalent 1.93 x 10-7 


18. Refractive Index for Some Materials, n 


Acetone 1.36 Glycerine 4.47 
Air 1.0003 Ice 1.31 
Aniline 1.59 Methyl alcohol 1.33 
Benzene 1.50 Quartz 1.54 
Carbon bisulphide 1.63 Rock salt 1.54 
Carbon tetrachloride 1.46 Sugar 1.56 
Diamond 2.42 Sylvite 1.49 
Ethyl alcohol 1.36 Turpentine 1.51 
Glass Water 1.33 

crown 1.5 

flint 1.6-1.8 


19. Mass of Some Tsatones, amu* 


Element Isotope Mass Element Isotope Mass 
| 

Hydrogen iH 1.00783 Carbon "C 13.00335 
id FELT Oxygen 180 15.99491 
Р T . ә Fluorine эр 18.09843 
Helium He 3.01603 Aluminiu E 98153 

iHe 4.00260 T 8 uide 
ии ‘Li 6.01513 Phosphorus зр 29.97867 
31 7.01601 Radon ?? Rn 222.01922 
Beryllium 35Be 8.00531 Radium ?gRa — 220.02435 
iBe 9.01219 | Uranium UU 235.04299 
Вогоп ‘B 14.00930 430 238.05006 
Carbon "C 12.00000 Neptunium ?$SNp 237.04706 
ie Plutonium әры 239.05122 


amu is equal to e mass of an atom of 12 otope 
1 1/12 of th pi 
ап atom of gC is у 
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20. Psychrometric Table 


TOM Difference between dry-bulb and wet-bulb temperatures 
K °С 0 1 2 3 4 5 6 7 8 E du. ИУ 
273 0 100 | 82 63 45 28 11 
274 1 100 83 65 48 32 16 
275 2 100 84 68 51 35 20 
276 3 100 | 84 69 54 39 24 10 
277 4 100 85 70 56 42 28 14 
218 5 100 | 86 72 58 45 32 19 6 
270 6 100 | 86 73 60 47 35 23 10 
280 7 100| 87 74 61 49 37 26 14 
281 8 100} 87 75 63 51 40 28 18 7 
282 9 100| 88 76 64 53 42 31 21 11 


284 11 100 | 88 77 66 56 46 36 26 17 8 
286 13 100| 89 79 69 59 49 40 34 23 14 6 


205 22 | 100| 92 83 76 68 61 54 47 40 34 28 22 
206 23 | 100| 92 84 76 69 61 55 48 42 36 30 24 
297 24 | 100| 92 84 77 69 62 56 49 43 37 31 26 


302 29 100 | 93 86 79 72 66 60 54 49 43 38 33 
303 30 100| 93 86 79 73 67 61 55 50 44 39 34 


21. Permeability of Some Materials, 1 


Paramagnetics (u > 1) Diamagnetics (p < 1) 


Ат 1.00000038 Bismuth 0.999824 
Aluminium 1.000023 Copper 0.999990 
Oxygen 1:0000019 Glass 0.999987 
liquid 1.003400 Hydrogen 0.999999937 
Tungsten 4.000176 Water 0.999991 


20—0530 
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Ferromagnetics 
(maximum permeability) 


Cast iron 2000 
Iron 
carbon 3000 
soft 8000 
transformer oe 15000 
Permalloy (Ni-Fe alloy for 
transformer cores) 80000 


Remark. The maximum permeabilities of ferromagnetics are givon 
since the parameter depends on the external magnetic field strength. 


е У а h 
. Ma tie Induetion as a Function of Magnetic Field Strengt 
S MEER for Soft Steel during Primary Magnetization 


8,7 
75 
70 
05 


0 
2 Ф d вме 


23. Some Astronomical Quantities (mean values) 


Radius of the Earth 


6.37 x 10° m 

Mass of the Earth 5.98 x 10% kg . 
Density of the Earth 5.52 x 10° kg/m 
Velocity of orbital motion of the Earth 105 km/h 
Radius of the Sun 6.95 x 105 m 
Mass of the Sun 1.98 x 109° kg 
Radius of the Moon 1.74 x 10° m 
Mass of the Moon 7.33 x 10? kg 
Distance between the centres of the Earth and 

the Sun 1.49 x 103 m 
Distance between the centres of the Earth and 

the Moon 


h 3.84 x 108 m 
Period of revolution of the Moon around the 
Earth 


arth, 27.3 days 
Inclination of the ecliptic to the equ. 3 


ator 23.5? 


RRRRRRCR 
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24. Parameters of Some Bright Stars 
Star Magn. Right ascension œ Peeling: 
Tauri (Aldebaran) 1.06 4h 31 min 54 s -45°57 
Orionis (Rigel) 0.34 5 h 12.1 min —8^15' 
Aurigae (Capella) 0.21 5 h 13 min -F45*51' 
Orionis (Betelgeuse) 0.92 5 h 52.5 min 4-7°24' 
Canis Majoris (Sirius) —1.58 6 h 42.9 min —16?39* 
Geminorum (Castor) 1.99 7 h 31.4 min +32° 
Lyrae (Vega) 0.14 48h 35 min +- 38°41" 
Cygni (Deneb) 1.88 20h 39 min --45°06' 


25. Binding Energy of Atomic Nuclei 


Nucleus Ey, MeV Ey/A, MeV 
tH 2.2 14 
3H 8.5 2.83 
gHe TT 2.57 
{He 28.3 7.075 
$Li 32.0 5.33 
зы 39.2 5.60 
$Be 58.2 6.47 
1B 64.7 6.47 
чв 76.2 0.93 
16 92.2 7.68 
uc 97.1 7.47 
чм 104.7 7.47 
60 127.6 7.975 
чо 131.8 7.75 
ТА 225.0 8.33 
1351 255.2 8.51 
DP 250.6 8.35 
22Rn 1708.2 7.69 
86 7 
226Ва 1731.6 7.66 
2380 1783.8 7.59 
2380 1801.7 7.57 
239Pu 1806.9 7.56 
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26. Prefixes Used with SI Units 


Factor 


Prefix Notation 

1015 hexa H 
1015 peta р 
101? tera T 
109 giga G 
10° mega M 
109 kilo k 
10° le h 
101 dec da 
10-1 deci d 
10-* centi c 
10-3 milli m 
10-5 micro u 
10-9 nano n 
20-22 ico 

10-15 emto P 
10-18 atto a 


27. Sines and Tangents of Angles from 0 to 90* 


Angle 

Íne l'ungent 

degrees radians Sina THE 
0 0 0.0000 0.0000 
1 0.0175 0.0175 0.0175 
2 0.0349 0.0349 0.0349 
3 0.0524 0.0523 0.0524 
4 0.0698 0.0698 0.0699 
5 0.0873 0.0872 0.0875 
6 0.1047 0.1045 0.1051 
7 0.1222 0.1219 0.1228 
8 0.1396 0.1392 0.1405 
9 0.1574 0.1564 0.1584 
10 0.1745 0.1736 0.1763 
11 0.1920 0.1908 0 1944 
12 0.2094 0.2079 0.2126 
13 0.2269 0.2250 0.2309 
14 0.2443 0.2419 0.2493 
15 0.2618 0.2588 0.2679 
16 0.2793 0.2756 0.2867 
tg 0.2967 0.2924 0.3057 
13 0.3142 0.3090 0.3249 
20 0.3316 0.3256 0.3443 
0.3491 0.3420 0.3640 
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27. Sines and Tangents of Angles from 0 to 90° (cont.) 
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Angle 
degrees radians Sine Tangent 

21 0.3665 0.3584 0.3839 
22 0.3840 0.3746 0.4040 
23 0.4014 0.3907 0.4245 
24 0.4189 0.4067 0.4452 
25 0.4363 0.4226 0.4663 
26 0.4538 0.4384 0.4877 
27 0.4712 0.4540 0.5095 
28 0.4887 0.4695 0.5317 
29 0.5061 0.4848 0.5543 
30 0.5236 0.5000 0.5774 
31 0.5414 0.5150 0.6009 
32 0.5585 0.5299 0.6249 
33 0.5760 0.5446 0.6494 
34 0.5934 0.5592 0.6745 
35 0.6109 0.5736 0.7002 
36 0.6283 0.5878 0.7265 
37 0.6458 0.6018 0.67536 
38 0.6632 0.6157 0.7813 
39 0.6807 0.6293 0.8098 
40 0.6981 0.6428 0.8391 
41 0.7156 0.6561 0.8693 
42 0.7330 0.6691 0.9004 
43 0.7505 0.6820 0.9325 
44 0.7679 0.6947 0.9657 
45 0.7854 0.7071 1.0000 
46 0.8029 0.7193 1.036 
47 0.8203 0.7314 1.072 
48 0.8378 0.7434 1.411 
49 0.8552 0.7574 1.150 
50 0.8727 0.7660 1.192 
51 0.8901 0.7771 1.235 
52 0.9076 0.7880 1.280 
53 0.9250 0.7986 1.327 
54 0.9425 0.8090 1.376 
55 0.9599 0.8192 1.428 
56 0.9774 0.9774 1.483 
57 0.9948 0.8387 1.540 
58 1.0123 0.8480 1.600 
59 1.0297 0.8572 1.664 
60 1.0472 0.8660 1.732 
61 1.0647 0.8746 1.804 
62 1.0824 0.8829 1.884 
63 1.0996 0.8910 1.963 
64 1.1170 0.8988 2.050 
65 1.1345 0.9063 2.145 
66 1.1519 0.9135 2.246 
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27. Sines and Tangents of Angles from 0 to 90° (cont.) 


Angle 
^ Sine Tangent 
degrees radians 

67 1.1694 0.9205 2.356 
68 1.1868 0.9272 2.475 
69 1.2043 0.9336 2.605 
70 1.2217 0.9397 2.747 
71 1.2392 0.9455 2.904 
72 1.2566 0.9511 3.078 
73 1.2741 0.9563 3.271 
74 1.2915 0.9631 3.487 
75 1.3090 0.9659 3.732 
76 1.3265 0.9703 4.011 
77 1.3439 0.9744 4.331 
78 1.3614 0.9781 4.705 
19 1.3788 0.9816 5.145 
80 1.3963 0.9848 5.671 
81 1.4137 0.9877 6.314 
82 1.4312 0.9903 7.115 
83 1.4486 0.9925 8.144 
84 1.4661 0.9945 9.514 
85 1.4835 0.9962 11.43 
86 1.5010 0.9976 14.30 
87 1.5184 0.9986 19.08 
88 1.5359 0.9994 28.64 
89 1.5533 0.9998 57.29 
90 1.5708 1.000 оо 


28. Basic Formulas in Physies 


Formula 


Quantities appearing in formulas Units 
Kinematics 
r=r (t) r is the displacement of a particle m 
r3 t is the time interval 5 
м Se y=y(t) candy are the coordinates of a particle m 
$ is the distance covered by the particle m 
Uniform. motion 
r—r=vi г — го is the i i 
ox Dre 0 е Increment of displacement m 
To = vyt To and y, are the initial coor inates of m 


a parti 
y — yg = vyt particle 
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28. Basic Formulas in Physics (cont.) 


Formula Quantities appearing in formulas Units 
Ir|—z-—s-vt sis the path length (the coordinate m 
axis coincides with the direction of 
displacement) 


Uniformly variable motion 


pas AT v is the mean velocity of variable m/s 
motion 
E HAE, š А Р 
у = lim — v is the instantaneous velocity m/s 
41-0 At 
In vector form 
а = const а is the acceleration m/s? 
v—v : ЕТА à 
а = : 5 Vo is the initial velocity m/s 
У = у + at v is the instantaneous velocity m/s 


In scalar form 


о, and v, are the projections of velocity m/s 
on the coordinate axes 


—— a, and a, are the projections of accel- m/s? 


eration on the coordinate axes 


Y — yo = Voy + at 
v— y= 2а5 2 

Free fall 
v= рі g is the free fall acceleration m/s? 
Н = 5 H is the height from which the body falls т 
v? = 2gH v is the velocity at the end of the free m/s 


fall 


Motion of a body thrown upwards 


h=v t — ge 
" 2 
Hoe H is the maximum height of ascent m 
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28. Basic Formulas in Physics (cont.) 


Formula Quantities appearing in formulas Units 
Curvilinear motion 
v = 2aRf v is the linear velocity m/s 
R is the radius of rotation m. 
f is the rotational frequency Hz, s 
o = 2nf 9 is the angular velocity rad/s 
o = v/R А A 
ас = Y/R ас iS the centripetal acceleration m/s? 
ас = wR 
Dynamics 
р = m/V р is the density kg/m? 
m is the mass kg 
V is the volume m 
Newton's second law 
а = F/m Е is the (resultant) force N 
Ft = Amv Ft is the impulse of force №.3 
mv is the momentum kg-m/s 
Conservation of momentum 
mv = const 
Newton's, third law 
mia, = — Maly Р З 
P = me P is the force of gravity N 
Law of universal gravitation 
F-G UE F is the gravitational force N 
G is the gravitational constant N -m?/kg? 
r is the distance between the centres m 
of mass 
Ге is the centripetal force N 
Fey = kr Ре is the elastic force N 
Е k is the spring constant N/m 
Е; = uN Ft is the force of friction N 
в is the friction coefficient 
N is the force of normal pressure N 
Work, power, energy 
4 = TS COS œ А is the mechanical work 7 
= 25 for a= 0 a is Es angle divom. the direction deg 
kd 9i lorce and displacement 
В = P is the power У 
PIG P is the mean power м 


v is the mean velocity m/s 
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28. Basic Formulas in Physics (cont.) 


Formula Quantities appearing in formulas Units 
Ey = mvi2 Ey is the kinetic energy J 
Ер xm Ep is the potential energy J 
" — X 100% т is the efficiency 
spen 
Ausetui is the useful work J 
spent is the spent work J 
T Molecular Physics. Heat 
т = a p Мл is the Avogadro constant mol-! 
M is the molar mass kg/mol 
no = МА/У ny is number density of molecules m~? 
Vm is the molar volume m?/mol 
то = MINA то is the mass of a molecule kg 
И = P У, is the volume of a molecule m? 
Nap 
d NECI Е Е 
^ E Tapa To is the radius of a molecule m 
А = viz À is the mean free path of a molecule m 
v is the EE mean velocity of m/s 
molecules 
= is the number of collisions per second s~? 
> 1 А a х 
А = ———— dett is the effective diameter ofa m 
V 2ла ито 
№ molecule 
"туб Ў 
PS pi p is the pressure Pa 
Vrms is the root-mean-square velocity m/s 
р = nokT k is the Boltzmann constant J/K 
T is the thermodynamic temperature K 
Ey = 3 kT Ек is the kinetic energy of translational J 


2 


motion of molecules 
Equations of state of an ideal gas 


R is the molar gas constant J/(mol-K) 
РУ = a m/M = v is the amount of substance mol 
nn = Раз const p, Vi, and T, are the parameters of 
| 
E the first state of a gas 
Pa У» and T, are the parameters of 


the second state of a gas 
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28. Basie Formulas in Physies (cont.) 


Formula 


Quantities appearing in formulas Units 

Dalton's law 

Р is the pressure of а gas mixture Pa 
Rer +++ Pi and p; are partial pressures Pa 
Q = ст (4 — T) 0 is the heat required to heat a body J 

or given off as it cools 

с is the specific heat J/(kg-K) 

Q — qm 


О is the heat given off as fuel burns J 
9 is the specific heat of combustion J/kg 


of fuel ‘ 
m is the mass of burnt fuel kg 
п = шыш 100% тіз the efficiency of the heater 96 
«5реп 
Qusetui is the useful heat J 
Qspent is the spent heat I 
9 = т Q is the heat required for vaporization J 
or released during condensation 
r is the specific latent heat of vapo- J/kg 
rization 
m is the mass of vapour kg 
B= “fa 100% B is the relative humidity of air % 
sat 


Pa is the absolute humidity of air kg/m3 
Psat is the saturated vapour density — kg/m» 
Ра 13 the pressure of vapour contained Pa 
In air 

Psat is the saturated v. 


apour pressure Ра 
F А 
с=т a is the surface tension N/m 
F is the force of surface tension N 
1 із the length of the boundary of free m 
surface 
A Я 
o= Fe A is the work of molecular forces J 
AS is the decrease in the area of free m? 
Surface 
Nc 20 z 
АЕ h is the height to which a wetting liquid m 
Tises (nonwetting liquid falls) in a 
Sy capillary ў 
Pp = 2o/r г is the radius of à capillary m 


Py, is the Laplacia 


] п pressure for а Pa 
Spherical surface 
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28. Basie Formulas in Physies (cont.) 


Formula 


Quantities appearing in formulas Units 


ceo 
5 


Hooke's law 


AL 
SS are 
в = Al/l 
Ey = РАИ2 
А. 


EC AT. БАЕ 


Q is the heat required for fusion or J 
liberated during crystallization 
À is the specific latent heat of fusion J/kg 


Deformations 


c is the mechanical stress Pa 

F is the force of elastic deformation N 

S is the cross-sectional area of a de- m? 
formed body 

E is the Young's modulus Pa 

Al is the absolute deformation (elon- m 
gation) 

113 the initial length m 


e is the strain 
Ер is the potential energy of elastic 7 
deformation 


Thermal ezpansion of bodies 


A: a is the coefficient of linear expansion k~ 


lo is the length of a body at 273 K m 
l= l (1 + AT) 1 is the length of the body at any tem- m 
perature 
Af is the change in temperature K 
S = So (1 + 2aAT) So is Ie surface area of the body at m? 
273 
S is the surface area of the body atany m? 
temperature 
vV— я 
B= tieni en de B is the coefficient of volume expansion Ka 


Vo AT 


У=И, (1 + BAT) Vis the volume of the body at any tem- m? 


= Po 
as 


perature 
V, is the volume of the body at 273 К n? 


p is the density of a substance at kg/m3 


any temperature 
p, is the density of the substance kg/m? 


at 273 K 
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28. Basic Formulas in Physies (cont.) 


Formula Quantities appearing in formulas Units 


Electrostatics 


Charge conservation Qu aera Qn are electric charges С 


law 
A+tQ+... n is the number of electric charges in 
Qn = const a closed system 
Coulomb's law 
P= i {211 1 Ё is the force of interaction between М 
E point electric charges 
Qi, О. are electric charges C 
r is the separation between the charges m - 
£o is the electric constant C/(N +m?) 
= is the permittivity of the medium 
Е = F/Q, Е is the electric field Strength N/C 
Be—— Qt is a test charge in the field C 
4neger? у Я he fl 
Q is the charge producing t ре field [e] 
9 = W/Q, ф is the electric field potential У 
ФЕ 9 W is the potential energy of tho test J 
rn charge 1 
= — U is the vo tage V 
"jue oU i A is the work done by the electric J 
field to move a charge {тот one point 
in the field to another 
ga E is the strength of a uniform field V/m, 
N/C 
Uis the potential difference between two У 
points in the field 
d is the distance between the two points m 
с> Qi 2 а the field line 3 
= Wy 1s the capacit. 
€ — 010 pacitance 
8025 ; } 
d C is the capacitance ofa (parallel-plate) Е 
capacitor 
5 is the area of a plate m? 
W = CU?/ 4 is the thickness of a dielectric m 
E 2 W is the energy of the capacitor J 
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28. Basic Formulas in Physies (cont.) 


Formula Quantities appearing in formulas Units 


Electric current in metals 


I = 0 I is the electric current A 
T = envS e is the charge of an electron (ion) Cc 
= enuES n is the number density of charge m~* 
carriers 
5 is the mean velocity of the directed m/s 
motion of charge carriers 
oss Pt и is the mobility of the charge carriers m*/(V +s) 
in j is the current density A/m? 
Г S is the cross-sectional area m? 
R =p F R is the resistance of the conductor Q 
p is the resistivity of the conductor +m 
material 
1 is the conductor length m 
S is the cross-sectional area of the ш? 
conductor 
В, = Ro (1 + аАТ) Rt is the resistance of a conductor at any © 
temperature 
До is the resistance of the conductor at Q 
273 K 
a is the temperature resistance coef- К! 
ficient 
Ohm's law for a conductor 
U 
I= E U is the voltage across the conductor V 
Q 


R is the resistance of the conductor 


Series connection of conductors ; 
Req is the equivalent resistance of con- Q 


eq = Л, + Ra 
Pu ... + А ductors 
eq = Ryn 
for R, = Ri =... nisthe number of the conductors 
= Ап Ry Rav + Hn are the resistances of © 


р the conductors 
arallel connection of conductors 


1 1 1 
Req EXE РЯ Req is the equivalent resistance 


1 


STER 
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28. Basie Formulas in Physies (cont.) 


Formula 


Quantities appearing in formulas Units 
Req = Zi п is the number of resistors 
Di А 
for Ry = Ry, Ro, В... Ry are the resis- Q 
На == ae. SUR, tances 


Ohm's law for a closed circuit 


I= 


а= 6 is the electromotive force of a cur- V 


rent source 


R is the resistance of the external cir- Q 
cuit 


г is the resistance of the internal circuit Q 


Ohm's law for a subcircuit containing an emf 


===“ $ is the counter emf У 
А = IUt А is the work done by electric current J 
А = I?nt 

U? : А 
А = Rr! t is the time s 
P-IU P is the power of an electric current м 
Р = Јр 
P = UYR 
Po = I6 Ро is the total power developed byacur- W 
" rent source 
Pi = Py — I P, is the power of the load in a closed W 
circuit 
Electric current in electrolytes 
Faraday's law 
m=kQ or m=kIt m is the mass of a substance deposited kg 
: on electrodes 
Generalized law 
= M y 
REETA k is the electrochemical equivalent kg/C 
M is the molar mass kg/mol 
F is the Faraday constant C/mo 
п is the valency 
Electromagnetism 
pon ЖШ 
22a 


Р is the force of interaction between № 
parallel current-carrying conductors 


T, and Г, are the currents in the conduc- А 
tors 

l is the permeability 

Ho is the magnetic constant H/m 


? is the separation between the con- m 
ductors 
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28. Basic Formulas in Physics (cont.) 


Formula 


Quantities appearing in formulas 


Units 


Fa = ВИ sino 


РА = ВИ 
for зіп x = 1 


Bstr = рор 2nr 


Boir = рон or 
Io 

Взо1 = Hol 1 

D0} = Bso S 

В = pop H 

Ру, = Bve sin a 


AD 
At 


Fa is Ampére’s force (acting on a cur- 
rent-carrying conductor) 

B is the magnetic induction 

lis the active length of a conductor 

c is the angle between the direction of 
the current and the magnetic induction 
vector 

A is the work done in moving a cur- 
ыы conductor in a magnetic 

e 

AS is the change in the area embraced 
by the current loop 

AQ isthe change in the magnetic flux 


Bstr is the magnetic induction of a 
straight current 

r is the distance from the conductor to 
the point where the induction is 
being determined 


Вог is the magnetic induction at the 
centre of a circular current 
r is the radius of the circular current 


Bs» is the magnetic induction of the 
field in a solenoid 

© is the number of turns 

1 is the length of the solenoid 

@go) is the magnetic flux in the solenoid 

S is the cross-sectional area of the 
solenoid 

H is the magnetic field strength 

F; is the Lorentz force (acting on a 
Charged particle in a magnetic field) 

e is the charge of a particle 

v is the velocity of the particle 

а is the angle between vectors В and v 


Electromagnetic induction 


€ is the induced emf 


AQ is the change in the magnetic flux 
At is the time interval over which the 


magnetic flux changes 


Wb 


Wb 
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28. Basie Formulas in Physies (cont.) 
Formula Quantities appearing in formulas Units 
Ao У Я А Э 
€so1 = —0 WP 501 is the emf induced in a solenoid V 


Estr = Blv sina 


AI 
$= дк 
LI? 
We 
t 
Tes 
№ = 4/7 


o = 2л/Т = 2av 
9 = ot 
9 = ot t Фо 


Üstr is the emf induced in a straight У 
conductor during its motion 


lis the active length of the conductor m 
$; is the self-inductance emf M 
L is the inductance of the circuit H 


W is the energy of the magnetic field 1 
of the circuit 


Oscillations and Waves 


T is the period of oscillations s 
n is the number of complete oscillations 
v is the oscillation frequency 


Equation of harmonic motion 
z= А sin (ot + Po) = is the displacement 


T 
r= aV} 


T = 2n V mik 
y 

OS e 

4 =vT 

e = 6, 


и = Up sin (wt + Фо) 


sin (ot + Фо) e is the instantaneous emf in the circuit 
$, is the amplitude of the emf 


2 
o is the circular frequency rad/s 
9 is the phase of oscillations rad 
Фо is the initial phase rad 
m 
is the amplitude of vibrations m 


T is the period of oscillations of a 5 
simple pendulum 


Lis the length of the pendulum m 
Е is the free fall acceleration m/s? 
T is the period of elastic vibrations 8 
w is the circular frequency rad/s 
k is the spring constant N/m 
т is the mass of the load kg 


^ is the wavelength 
v is the velocity of propagation of wave m/s 


Alternating current 


и is the instantaneous voltage 
U, is the amplitude of the voltage 


<<<< 
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28. Basic Formulas in Physies (cont.) 


Formula Quantities appearing in formulas Units 


i = I, sin (ot + Po) iis the instantaneous current A 

t То is the amplitude of the current A 

І = IJV2.- I is the effective current A 

U = Ul V2 U is the effective voltage v 

$ = Ф i $ is the effective emf У 

Хс =e UC Xc. is the capacitive reactance of the Q 
circuit 


v is the alternating current frequency Hz 


X,=oL=2nvL Хү i$ the inductive reactance of the & 


circuit 
Z—yR*-FX,—XcYy Z is the impedance of the circuit with 9 
series-connected components 
R is the resistance of the circuit Q 
cos ф = R/Z cosp is the power factor 
Р = UI cos P is the active power ү 
I and U аге the effective current А, У 
and voltage 
Q = UI sine Q is the reactive power var 
SHV F+ PG S is the total power VA 
No Е а 
Tte k is the transformation ratio 
1 3 N, and У, are the numbers of turns in 
the primary and secondary е 


U, and U, аге voltages across the pri- 
mary and secondary of the transformer 


Electromagnetic oscillations and waves 


od of natural oscillations 5 


Т —2n Y LC T is the peri 
of an oscillatory circuit | 
№ = сТ A is the length of the electromagnetic m 
waves 
c is the velocity of light in vacuum m/s 


Geometrical optics 


is the absolute refractive index 


n = clv n t Э 
v is the velocity of light in a medium m/s 

Nai = Se fie, 18 the relative refractive index 
sme e is the angle of incidence deg 
eg 


=’ is the angle of refraction 


21—0530 
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28. Basic Formulas in Physies (cont.) 


Formula Quantities appearing in formulas Units 
ека vı is the velocity of light іп the first m/s 
Ent NS medium 
v, is the velocity of light in the second m/s 
medium 2 
sin ier = 1/n ier is the critical angle of total internal deg 
reflection 
1 А 
TL f is the focal length of a lens or mirror m 
а is the distance from the object to the m 
lens (mirror) 
a’ is the distance from the image to the m 
lens (mirror) 
Ф = 1/f Ф is the optical power of a lens D 
jae f is the focal length of a mirror m 
R is the radius of curvature of the m 
mirror 
pes В 13 the linear magnification 
H is the height of the image m 
À is the height of the object m 
Photometry 
Ф = Обл Ф is the luminous flux Іт 
Q is the luminous energy J 
Dtot = 411 Mtot is the total luminous flux lm 
= D/o I is the luminous intensity cd 
c is the solid angle Sr 
Е = Ф/5 E is the illuminance Ix 
Laws of illumination 
Е = Ilr 


r is the distance from a source of light m 
to the surface being illuminated 


E, is the illuminance due to the normal 1х 
Tays 


Е = Е, cosa 
ог 


I S 
Е = XE a is the angle of incidence deg 


Wave and quantum properties of radiation 
kh = а іп ф d is the grating constant m 


9 is the angle to the diffraction maxi- deg 
mum 


k is the spectral order 
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28. Basic Formulas in Physies (cont.) 


Formula Quantities appearing in formulas Units 
Е = № = is the energy of a photon J 
h is the Planck constant 7.5 
Е h 2 
mnc Ea m is the mass of a photon kg 


mc is the momentum of a photon kg-m/s 


E 
I : 
Bj = N hy p is the pressure of light Pa 
N is the number of photons 
, I is the radiation intensity J/(m?.s) 
Einstein's equation 
for photoelectric 
effect 
а= А + ial" A is the electron work function J 


2 


29. Some Mathematical Formulas 
Algebra 


1. (a + b)? = a? + 2ab + b, 
(a — b)? = a? — 2ab + 2, 


(а + b)? = a? + 3a?b + 3ab? + 53, 
(а — b)? = a? — За?Ь + 3ab? — 63, 
a? — b? = (a — b) (a + b), 


a? — b? = (a — b) (a? + ab + 03), 
a +b? = (a + b) (a? — ab + 52). | А : 
2. The following inequality means that the arithmetic mean is 
larger than or equal to the geometric. mean 


ete > Из, a>0, 620. 


The equality arises when a =b. | 
3. For a given quadratic equation 


az? + bz + c = 0, 
its two solutions can be found from the formula 


— b+ И дас 
с они BS 


21 
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or 


yug 


Y 
a 


The latter is more convenient when b is even. 
For a reduced quadratic equation 


z+ pz--q- 0, 
its two solutions are given by 


nana y Boe, 


4. Suppose we are given a system of two equations in two un- 
knowns: 


az у= сі, 
Meet boy = сз. 


In order to find its solution, one unknown from one of the equ- 
ations (say, the first) must be expressed in terms of the other unknown 
(for instance, y in terms of z) and substituted into the other equation: 


cy —ayr 
Ss 
by 
C€1—a4z 
Q,z-+ bs u Co. 


Solving this equation, we obtain 


c1b, — cob. 
xcd 201 
235, —азфу 


Substituting z into the expression for y, we find that 


03103 — 564 


m 23b, —ajb, * 


The same method can be used to solv 
T of equations: we express one unkno 


are determined in reverse order. 
5. Some formulas for approximate calculations, 
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If e <4 (at least by a factor of 10), we have 


ite =1—8 

1 
Weep S 
(+e) — 1+ 26, 


(1—2) = 1— 2e, 
(1-Е =)3 = 1-- Зе, 
(1—8) = 1 — 3, 


Viri. 


Vc 

Vi-e=1 2 

These formalas quis quite accurate results. For example, let us 
calculate У 1/3.96 


У sis Е 


3.96 у EID d Lm = 2у1—0.91 
4 4 
x 0-01 =3 1—0.005 
2(1—-) 


= + (4+ 0.005) = 0.5025. 


Geometry 


1. Given a right triangle with sides a and b and hypothenuse c. 
Then 


a? + b? = с. 
2. The area of a triangle is 
s=4 ah, 


where h is the height dropped on side a from the opposite vertex. 
The area of a rectang UA with sides a and b is 


S — ab. 
The area of a trapezium with bases a and b and height h is 


=F e+) h. 
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The area of a circle of radius r is 
= ar, 
3. The area of the surface and the volume of a Sphere of radius r 
are 


4 
S=4nr, V= = дз. 


The area of the lateral surface ofa right cylinder with radius r 
and length А is 
S = 2nrh. 
The total surface area and the volume of the right cylinder are 
S = 2лг (г + №), V = nr, 


Trigonometry 


1. The trigonometric functions of the sums and differences of 
angles are 


Sin (« + B) = sin а cos В + cos < sin В, 
Sin (x — В) = sin с cos B — cos æ sin В, 
cos (« + В) = cos cos В — sing sin В, 
cos (œ — В) = cos a cos В + sin а sin В. 
2. The functions of double the angle are 
sin 20; = 2 sin & cos 
Cos 2a = cos? g — sin? g. 


3. The functions of half the angle are 
2sin? & — 1— cosa, 
2 
26052 = 1+ cos a, 


4. The sum and the difference of the functions are 


sin &.4- sin В = 2 sin ath cos Z=B 


sin « —sin В = 2 cos ot sin ooh 


cos «+ cos B=2 cos SFP cos ab 


cos a—cos p= —2 sin SHË sin =. 
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5. The trigonometric functions in terms of the tangent are 
tana Sane 4 
Vi-+tan?a * V 1+ tan? a * 


6. Cosine theorem: for an arbitrary triangle with sides a, b, and c, 
we have 


sin а = 


а? = b? + c? — 26с cos A, 
Where A is the angle opposing side a. 
The sine theorem: 
(CERT SET S 
sinA sinB  sinC' 
where A, B, and C are the angles opposing sides a, b, and c res- 
pectively. 
7. For e < 1, we have 
sine = Е 
cos Е = 1, 
tane = Е 
8. Some derivatives and integrals: 


(27) nal, 


fX n 
(=) ——w! 
- 1 
/z)-— = 
(У =) ay 

(sin z)' = cos т, 
(cos z)' = — sin z, 
2+1 
{= di 
| de c 12|, 
T 
{ sinzdz= —cosz, 


\ cos z dz =sin 2. 
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Answers 


1.1. Brownian movement and diffusion. 1.2. Molecular adhesive 
forces in liquids are much stronger than in gases. 1.3. During painting, 
the particles of a paint diffuse into pores (intermolecular spaces) of 
the surface being painted. 1.4. In the region where the salt dissolves 
a high salt concentration is created. As a result, diffusion takes place 
to regions with a lower concentration. 1.5. The end faces of Johansson 
blocks are highly polished; for this reason, molecular adhesive forces 
come into play. 1.6. Gluing is based on molecular adhesive forces 
and wetting. 1.7. About 316 mol. 1.8. 24 kg, 28 kg, and 4 kg. 1.9. 
1.6 kg. 1.10. 6.02 x 10% and 6.02 x 1023. 1.11. About 2600 т. 
1.12. About 0.14 mol, 8.2 X 1022, 
1.14. The mass of 1 m? of brass is 8500 kg. 1.15. 105 mol. 1.16. 5.32 X 
10-26 and 2.66 x 10-26 kg, 4.65 х 10-26 and 2.33 X 10-26 kg, 6.64 X 
10527 kg. 1.17. 16 x 10-2 kg/mol, 2.66 x 10-25 kg. 1.18. 1.46 x 1020. 
1.19. About 1.54 X 1015, 1.20. The ratio 

1.21. The ratio is 14.3 (considering that equ 
normal conditions c i 


7.3 X 10-9 kg, 1.97 kg/m, 1.23. 99% 10-9 kg. 1.24. 2 X 
10-2 kg/mol. 1.25. 4.2 X 10-9 m. 1.26. 1.26 x 1055 kg, 1.01 X 
10-28 т, 5.8 x 10-0 m. 1.27, 9 x 10° m, 225 times. 1.28. 16 X 
10-3 kg/mol. 1.29. 1.4 х 10-/ Vo, or 6.3%, where V, is the molar 
IX te gus pe normal conditions. 1.30. 4.0 x 10-8 m. 
:31. 1.12 x 1071 s-1, 1.32. 550 m/s. 1.33. 6. -8 4. 9.3 X 
nilo m/s. 1.33. 6.5 х 10-8 m. 1.34. 9 


ut 2X 10-9 т. 1.36, 2:1 x 1029 kg is. 137. 
About 3.9 X 10-5 m. Nl tee PAP а 


2.1. 470 m/s and 510 m/s Tor air and 450 m/s and 480 m/s for oxygen- 


2.2. The mean kinetic energies of translational ti i helium en 
neon are the same. 2.3. At 322 К 9 Be Ose mend nd 
8640 m/s. 2.6. 6.6 x 10-2 J 2 K. 2.4. 2.25. 2.5. About 631 a 


Pe -19 0 K. 
2.8. 1.25 x 10* J, 6.2 x лозу ze. 1059 J. 2.7. About 386 


2.9. 290 К. 2.10. 9.9 x 10-1 Pa, 
high vacuum. 2.11. 1.45 X 10%. 2.12. -About a x 078 J, 9.3 X 


105. 2.13. 1.3 X 10-5 Ра, 2.14. i350 m/s, 6 -1 J, 2.15, 
3.6 X 101° molecules/em?. 2.16, 105 Pa. 247, 43 x Tan. 2.18. 24 X 
nd By 1.7%. 2.21. 4.46 x 1025, 18 E 
4 атіс at a i i a 
increased fourfuld. emperature and the kinetic energy 
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D 2d 21. 3.2. About 64.4 kPa. 3.3. 323 К. 3.4. 614 1. 3.5. 
.82 m3, 3.6. 44 x 10-3 kg/mol, carbon dioxide. 3.7. 1.2 mol. 3.8. 
About 2 kg. 3.9. 1.4 mol. 3.10. 4.7 X 10-3 m”. 3.11. 2.6 times. 


р 


0 7 0 p 
Fig. 153 


3.12. About 3.5 kPa. 3.13. 513 K. 3.14. 1.62 mol, 195 kPa. 3.15. 

3 MPa. 3.16. 58 х 10-3 kg/mol, 2.2 X 102. 3.17. 932 К. 3.18. Hydro- 

gen. 3.19. 111 kg. 3.20. 606 K. 3.21. 73.3 MPa. 3.22. About 10° Pa. 

3.23. 1.2 kg/m?*. 3.24. 0.46 kg/m”, 9.6X 

40% m-» 444 m/s. 3.25. 28 X ^ 

10-3 kg/mol, nitrogen. 3.26. 1.66 kg. 

3.27. 0.7 MPa. 3.28. 2 X 10° Pa. 3.29. 

See Fig. 153. 3.30. 53. 3.31. See Fig. 154; 

(1) in joules, (2) isotherm 2 for the second 

equation will lie further from the V-axis 

since it corresponds to a higher temper- 2 

ature. 3.32. 296, 963, and 17.6 g. 3.33. 

Зее Fig. 155. 3.34. Isobar 1 corresponds 1 

to the process occurring at a higher pres- 

sure. An arbitrarily chosen temperature 

T, corresponds to two values V, and V, 9 

of the volume, and hence to two values im. 154 

p; and ps of pressure. But the product of Fig. 154 

pressure and volume at a constant tem- 

perature is constant, і.е. р V, = PaVa Therefore, volume V; on 

isobar 7 corresponds toa higher pressure. 3.35. The gas leaks. 3.36. 

u l. 3.37. To 225 К. 3.38. By 82K. 3.39. See Fig. 156. 3.40. 
.3 kN. 


4.1. 250 J. 4.2. 380 J. 4.3. Aluminium, 1.9. 4.4. 4187 J, 460 J. 4.5. 
The specific heat of copper is larger than that of aluminium, the spe- 
cific heat of lead is the smallest of the three. 4.6. Copper weight will 
be heated to a higher temperature. No, it does not. 4.7. The energy 
required to heat a gas at constant pressure is spent both to increase 
the internal energy of the gas an to do work of expansion. 4.8. 
25.5 MJ. 4.9. 1 kg. 4.10. 1.73 X 108 J. 4.11. 1026 J. 4.12. 86 L 
4.13. 293 K. 4.14. 68 kJ. 4.15. 2.79 MJ. 4.16. 124 J/(kg-K). 4.17. 
169 g. 4.18. 380 J/(kg-K). 4.19. 125 J/(kg-K), 4.20. 781°C. 4.21. 
1216 К. 4.22. 120 J/(kg-K), lead. 4.23. 47%. 4.24. 57 kg. 4.25. 4 g. 
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4.26. 24 К. 4.27. 0.7 К. 4.28. 1.9 x 109 m3, 4.29. 225 MJ. 4.30. 
187 K. 4.31. To about 78 m. 4.32. About 0.2 K. 4.33. 0.11 K. 4.34. 
25. 4.35. 19 K. 4.36. 174 m/s. 4.37. 250 K. 4.38. 29%. 4.39. 30%. 
4.40. 1029 kg. 4.41. About 2495. 4.42. About 17 kW. 4.43. About 
550 km. 4.44. 4.28 kJ. 4.45. 26.4 kJ. 4.46. 831 J. 4.47. 7462 J, 1602 J. 
4.48. 48.1 kJ. 4.49. 32 x 10-3 kg/mol, oxygen. 4.50. 416 J. 4.51. 


(a) (5) (tc) 
y p р 
"d 
0 г o y 0 
Fig. 155 
у 2 
3 2 7 2 
2 ol 
3 
0 0 
7 V 
Fig. 156 


106 J. 4.52. 1.8 kJ. 4. 
Yes, it can, for exam 


53. 8.31 J; no, it does not. 4.54. 0.31 kg. 4.55 . 
4.56. The pressure will 


le, during adiabatic expansion or compression. 
change more during the adiabatic compression. 
5.1. This can be done i 
they are not; the in 


С ense of a decrease in the 
internal energy of the gas, as a result of which the temperature of the 
released gas drops, an the valve is covered by frost. 5:41. The differ- 
ence between the humidities of air in the two climates determines 
different evaporation rates from the skin. 5.12. No, it is not. In the 
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critical state, the specific latent heat of va orization is zero for al 

e 5.13. 300 J. 5.14. The energy liberated during the Actus 
EB ion of water vapour is about eight times more than that liberated 
uring the condensation of mercury va- 

pour. 5.15. 11.3 МЈ, 2.1 МЈ. 5.16. 4.0 yy 

E 3.17. 2.6 x 105 J. 5.18. 100 g. 5.19. 493 

M: С. 5.20. 53 kg. 5.21. About 10°С. 

5.22. 71.6°С. 5.23. About 3.3 kg, see 

"i 157. 5.24. 84 kJ. 5.25. 2.25 X 

3 J/kg, 0.01 x 109 J/kg, 0.44%. 5.26. 

re g. 5.27. 2.32 kJ. 5.28. 0.04 пе. 

а 17 min. 5.30. 51.8 kg. 5.31. 6.5 kg. 

PM 35%. 5.33. 10-2 kg/m3, 78%. 38) 

ey 19.4 x 10-3 kg/m?, 22°C. 5.35. pg; 

7.8 x 10-9 kg. 5.36. 1°C. 5.37. At 

about 7°С. 5.38. 9.4 mg, 6596. 5.39. To 


284.5 К. 5.40. 9.4 x 10-3 kg/m?, 4896 
5.41. At 4°C. 5.42. 18°. $43. 60%, © 2.2 
a out 11 g. 5.44. 17°C, 13°C. 5.45. 19°C, Fig. 157 
nu relative humidity increases. 5.46. gin 
.4 m3. 5.47. It decreases to 54%. 5.48. 
can be determined 


Hc kg, 271 g. 5.49. 2.33 kPa. Hint. ps — PalB, Ра 
rom the equation of state: ра = mRTIMV, ps = mRT/MVB. 5.50. 


12.3 x 107 kg/m?, about 48%. Hint. Solve the problem by using 
the equation of state. 


s: it decreases when soap is placed in 
laced. 6.2. Under the action of 
t acquires the shape for which 


6.1. The surface tension change 
water and increases when sugar is 
the forces of surface tension, a pelle 
the surface area is at a minimum. 6.3. Yes, it will. 6.4. Water is 
a nonwetting liquid for a surface covered with grease. 0.9. See answer 
to Problem 6.4. 6.6. This is done to create conditions in which the 
solder is wetting. 6.7. A nonwetting liquid. 6.8. This is done in order 
to prevent moisture from rising in the capillaries of the building walls 
6.9. The presence of capillaries in caked soil makes it possible for 
to Problem 6.9. 


water to rise closer to the surface. 6.10. See answer 
-3 М. 6.13. 1.37 х 10-3 and 


6.11. 9.6 x 10-3 N. 6.12. 8.4 x 10 

0.12 N .6.14. 1.56 х 10-3 М, towards the water. 6.15. 0.105 N. 6.16. 
1.44 x 10-5 J. 6.17. 7.2 X 1073 J. 6.18. 3.15 x 107? N/m. 6.19. 

0.022 N/m, ethyl alcohol. 6.20. 2.9 cm. 6.21. 2.56 mg. 6.22. 15 mg. 

oe In the test tube of pure water. 6.24. 1.44 x 103 kg/m?. 6.25. 
-7 cm. 


ze steel, which makes its mechan- 
e of the single crystal will change. 


7.1. Strong heating may recrystalli 
oint of lead is considerably 


yal properties worse. 7.2. The shap 
.3. Glass is brittle. 7.4. The melting p 


lower than the melting points of other metals. 7.5. Lead can be melted 
led vessel with water. The temper- 


by heating it in a hermetically sea 

ature of fhe water can then be raised considerably above the melting 
Point of lead. 7.6. In summer, the temperature of the layers of air 
jus to the surface of the Earth is above 0°C, and small ice crystals 
ormed in the upper cold layers of the atmosphere melt on their way 
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i he 
d. Larger crystals have no time to melt and reach t 

om ae form of hail. 7.7. The melting point of the mixture 2 
Snow and common salt is lower than 0°С, and hence snow melts even 
below 0°C. 7.8. 0.4 cm. 7.9. 1.5 mm, 7.5 X 10-4, 7.10. 4 mm, a n 
1.4 J. 7.11. It will decrease by a factor of four. 7.12. 9 mm. AN 
3 X 10° Pa. 7.14. 1.07 x 1011 Pa. 7.15. 5 X 10-3 m. 7.16. 9.4 . 
7.17. 25. 7.18. 7.5 сш?. 7.19. About 4.2 km. 7.20. 3 J. 7.21. 0.3 mm. 


ut £0 
327 357 
327 
9 
70 
0 6.7 4 4:7 
Fig. 158 Fig. 159 


7.22. No, it will not. 7.23. Alcohol has a lower freezing point. 7.24. 
About 159 kJ. 7.25. About 380 kJ. 7.26. 25.1 


°С. 7.27. 01:0 = 
QIM : рум, = 0.67. 7.28. 320 К, see Fig. 158. 7.29. About 12 g, see 
Fig. 159. 7.30. 3.5 x 105 J/kg. 7.31. 19 kg. 7.32. 227 kg. 7.33. 17%. 
7-34. About 80 kg. 7.35. 4.5 W. 7.36. 209j 737. 90 g. 7.38. 0.9 kg. 
7.39. 0.8. 7.40. 3.35 x 105 J/kg. 7.41. 97 g. 


8.1. The alloy has a very small coef, 
it is used to ensure th 


d weaken the tube during its 
operation [when it is heated); no, it 
8.5. The sleeve should be heated. 


Hint. We write the expression for a unit volume after heating a body 
through 1 К: 4 4- В = (1 + a)? 


5 are made. 8.9. During heating, 


) і ds the metal with the smaller coefficient 
of linear expansion; such Strips are used in thermal relays used 
control temperatures automa 


tically. 8.11. By 12 mm. 8.12. 10 K. 
8.13. Tungsten. 8 14. 533.128 and 5 У 


8.21. 15 К. 8.22. 79.2 kN. 8.23. 500°C, 8.24. About 4 kJ. 8.25. 
37 kN. 8.26. 16.2 сщз, 8.27. This relation is approximate. 8.28. 
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0.306 m?. 8.29. 46 К. 8.30. 0.09 1, 0.087 1. 8.31. 0.08 1. 8.32. 1.85 x 
10? kg/m?. 8.33. 400 К. 8.34. About 3.6 kg. 8.35. 299 К. 8.36. 9.48 1, 
7.49 kg. 8.37. 9.49 1, 7.5 kg. 8.38. 57.8 тз, about 40.5 t. 8.39. 2.14 m3. 
8.40. About 3.6 m?. 8.41. 1.8 X 10- КУ. 8.42. 42.5 KJ. 


K 
9.1. Two. 9.2. +4.8 х 10-19 C. 9.3. No, it cannot. 9.4. This can be 
done if the end of the rod held in the hand is coated with an insulat- 
ing material. 9.5. The sphere should be brought in contact with two 
similar neutral spheres. 9.6. The static charge that may be formed as 
the car moves is conducted to the earth through the chain. 9.7. Yes, 
it can. 9.8. The surface charge density will increase. 9.9. At first 
the ball will touch the electrically charged rod and then will be re- 
pelled from it. 9.10. No, it will not. 9.11. 0, 2. 9.12. 1.44 mN, by 
a factor of 81. 9.13. 2.1 X 10-8 C. 9.14. 9 GN, 4.5 GN. 9.15. 95 km. 


(a) 
0 

Y 

b 
fel () I 
зоо 
Tu he 0 

Fig. 160 


9.16. (1) 6-9, (2) in kerosene and wax paper, (3) to water. 9.17. Yes; 
it will decrease by a factor of 3.2. 9.18. The drops will approach each 


other with an initial acceleration of 3.4 m/s?, which will increase 
т. Yes, it will. 9.19. 1.84 X 


further as the drops approach each othe 
p Ton, about 0.01 N, yes, it will; see Figs. 160a 
2. 5 x 10-7 C/m?. 9.23. 4 X 10-9 C. 
.25. 4.2 X 104. 9.26. 1.77 X 
8. Thisis done 


оп a charge of one coulomb placed 
9.34. 7 x 10? V/m. 9.35. 1.6 x 107? Y 
3 x 401 V/m. 9.38. 2.2. 9.39. 1.44 x 105 V/m; the field strength will 
be doubled. 9.40. 3.75 x 10* V/m, 42 nC. 9.41. 104 electrons. 9.42. 
Concentric spherical surfaces. 9.43. it w .9.44. 9 x 103 V/m, 
2.2 x 405 Wm. 9.45. 1.71 X 10* V/m. 9.46. About 3.6 x 40° V/m. 
9.47. 143 kV/m. 9.48. (a) 0, (b) 0, (©) о/вое. 9.49. 0.1 mg. ex 
9.93 m/s*, 9.51. 0, И 20/(1GnegeR?). 9.52. Due to electrostatie charg- 
ing by induction. a About 5-9 x 105 С, 8.3 x 109 V. 9.54. 5.6 КУ. 
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9.55. 38 V. 9.56. 3 x 10-* J. 9.57. 6 kV, 6 kJ. 9.58. 1.44 x 109 V. 
9.59. 2.4 x 10-5 J, 150 V. 9.60. 2.56 kV, 4.1 х 10-16 J. 9.61. 3.5 х 
10* V/m, 2.4 kV. 9.62. 36 V. 9.63. 1.8 kV. 9.64. 8 cm, 10-7 s. 9.65. 
Yes, it can be changed by bringing another conductor close to the 
charged one. 9.66. 2C. 9.67. 9 x 105 km, Rsph/REartn > 1400. 
9.68. The capacitance, charge, and energy of the capacitor will in- 
crease, while its voltage will remain unchanged. 9.69. 1.1 х 10-4 Е, 
1.1 X 10-5 uF, SpE: 9.70. About 711 uF. 9.71. 4.5 cm, 3 x 10-7 C/m?. 
9.72. The oxide film used as the dielectric in these capacitors is very 
thin. 9.73. About 455 and 1786 V; the charge from the smaller sphere 
Will be transferred to the larger Sphere until the potentials become 
equal. 9.74. About 100 pF. 9.75. 1.8 mm. 9.76. 6.6 х 10-10 С. 9.77. 
1.1 X 40-7 C; it will decrease by a factor of six. 9.78. 6 mm. 9.79. 
5x 10-7 F. 9.80. 3.8 x 10-5 J. 9.81. (1) 1.09 pF, 2.2 X 10-5 J, 
(2) 12 pF, 0.24 J. 9.82. 0.6 ПЕ. 9.83. 0.24 uF, 2.4 х 10-5 C. 9.84. 
300 V. 9.85. 100 V, 10-2 C, 0.5 х 10-? C. 9.86. 1 uF. 9.87. The ca- 
pacitor with the higher capacitance. 9.88. 36 J, 13 kW. 9.89. 4.8 pF, 


49.89. / 
9.6 X 10-* С. 9.90. In the second case. 9.91. с = 478072, 


д! for 
vacuum, 555 pF. 9.92. 0.215 J/m?, 


10-* m*/(V -в). 10.8. 2.5 x 104 A/m*; yes, it is. 10.9. 2 A/m?. 10.10. 
About 23 mm. 10.11. 6.2 A/mm?, 10.12. 0.054 9; it will be half. 


396 П -14. The current in the tungsten 
Wire is 1.87 times larger than that in the steel wire provided that 


the internal resistance of the accumulator can be neglected in view 
of it being small. 10.15. The resistance decreased by Hen of four. 
10.16. 2 MP. 10.17. 1.2 A, about 42 9. 10.18. 272 m. 10.19. 609. 
10:20" ie m. 10.21. 2.7 mA, 10.22, 3 V. 10.23. 2.7 У, 2.07 А/тт?. 
P the 9 mm?, 10.25, .7.5 kN. 10.26. 0.017 Q. 10.27. The resistance 
0 e nichrome wire is larger by a factor of 3.125. 10.28. Steel. 


10.29. Will increase by 3.24 Q i а 
о ену 24 Q Гог cast iron and by 0.34 Q for the ferro 


1 ance alloy. 10.30. The temperature resistance 
Coefficient must he as large as possible. 10.31. 20 Q. 10.32. 25 K. 
no yt ir 10.34. 250 К. 10.35. 558 V. 10.36. 146 mm?, 10.37. About 
es d . 10.38. 7, > 1, the resistance will increase; the current in 

e circuit will decrease. The readings on ammeters А and A, will 
p, the Same. 10.39. 4 Q. 10.40. 0.033 0. 10.41. as О, 10A, U,—50 V, 
s 35170 KEN = 100 V. 10.42, 200. 10.43. 249, 3Q. 10.44. 3.24, 
nam an 10.37 А. 10.45. 0.039. 10,46. Into two parts; in parallel. 
0.2 A: 10.50. 0-48; 40, БА and 05 A. 10.49. 0 GLO ед 
0:275 A030. 189. and 4.20. 10.51, 6.53 A^ 0%% А; 1.65 A, and 
US А. 010-52, BO T eaa pu poo 10.53. 2.1 Q, 24 V, 

a —12V, I, = 7.5 A, U, = 3 V, i, = pp 23A US m Ue = 


- Consequently, the switch. t is larg- 
er than the switch-off current. у i. 10.56. 08 V, 
(5 V. 10.57. 27 V. 10.38. 4.30. 30, 40: 3А. 10.56. 508 V, 488 V. 
0.78 9. 10.60. 2.6.2. 10.61. 1A. 


0.25 A. 10.63. 146 V, 73 V, 0 0.014 Q. 10.65. 
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About 2.3 Q, 52.5 A, 

10.66. 20 А, 7, = 5 A, 2. 

Ig = 7.5 А. 10.67. 2.5 . 10.68. A. 

10 КО. 10.71. 250 ©, 225 V. 10.72. 17 m. 10.73. 5. 10.74. It measures 
the voltage of the external circuit. 10.75. 1.5 V, 0.24 V. 10.76. 1.93 У 
0.25 О. 10.77. 0.29 A, 1.02 V, 70%. 10.78. 230 V, 229 V. 10.79. 10 A. 
10.80. 0.1 ©. 10.81. 10-5 C. 10.82. 1.5 х 10-5 C. 10.83. 12 V, 2 Q. 


10.84. 147 V, 120 V. 10.85. 0.6 A, 3 A. 10.86. 225 V. 10.87. 236 V, 
220 V. 10.88. 222 V, 21 mm?. 10.89. 535 V. 10.90. 230 V, 195 V. 
10.91. 2 A, 540 V. 10.92. (a) 1.2 A, (b) 17.5 A, (c) 4.7 A. 10.93. 0.29 A, 
0.8 A. 10.94. About 3.6 A. 10.95. 0.6 Q. 10.96. The internal resistance 
of acid accumulators is very small, and therefore a large current emerg- 
ing in a circuit may cause the plate to break down. 10.97. 2.5 A. 
10.98. 1.25 A, 0.75 A. 10.99. Ipar/Iser = 3. 10.100. They should be 
connected in two parallel groups of three series-connected cells. 
10.101. They should be connected in three parallel groups of four se- 
ries-connected cells. 10.102. 1.3 V, the emf will be reduced by a factor 
of seven. 10.103. Series connection. 10.104. It is more advantageous 
when the external resistance is higher than the internal one. 10.105. 
52 V, 50 V. 10.106. 3.42 V, 3.36 V. 10.107. 0.4 Q. 10.108. 0.77 A, 


Cirat sri 
.26 V. 10.109. I = СИРО = 1.24 A. 
1.26 10.109. 7 ты 


1.1. 18 C, 216 J. 11.2. 317 MJ, 88 kWh. 11.3. 1125 kWh, 5 rubles 
6 kopecks. 11.4. 9196, 1 ruble 6 kopecks. 11.5. 800 MW, 7 X 10? kWh. 
(6. 176 kWh. 11.7. 234 MJ, 65 kWh. 11.8. 48 W. 11.9. 4 Q, Ucp = 
I; = 0, 144 W. 11.10. 54.5 A. 11.11. 8.4 kW. 11.12. 1.35 MW. 
13. 2.7 MW. 11.14. (a) 13.8 MJ, (b) 8.64 x 105 J, (c) 3.46 MI. 
5. 82.5 kW, 74.25 kW. 11.16. 102 kW, 34 kW. 11.17. 125 kW, 
11.18. 550 W, 5.5 kWh. 11.19. 2.8 mm?, 11.20. The 
power is higher for the parallel connection. 11.21. 16. 11.22. 0.16 m/s, 
19.5 s. 11.23. 63.4 km/h. 11.24. 462 A. 11.25. The melting point of 
lead is relatively small (327°C). 11.26. The fuses have different cross- 
sectional areas. 11.27. The coil of the 127-V hot plate is inier 
11.28. 570 MJ. 11.29. (a) 110 V, 60 W, 0.22 MJ, (b) 88 V, 132 M t le 
40-W bulb is under a voltage higher than the nominal value; 38.4 W, 
57.5 W, 0.14 MJ, (c) 138 V, 82 V; the 60-W bulb is under а voltage 
higher than the nominal value; 94 W, 56 W, 3.38 x 105 J, 0.2 M 
11.30. 26 g. 11.31. 79%, 0.8 kopecks. 11.32. 2 Q. 11.33. 24 V, 0. i 
11.34. 2.64 kW, 90%. 11.35. The wire should be shortened to 3 m. 


11.36. 20 or 80 Q. 11.37. 15 kg. 


њо a a an 
л 


1 
1. 
1 
1 


rwise, the oxide film 


4 n ‚ electrolysis. 12.3. Current reversal means that 
poala be ee a е le becomes ап anode during the 


422-0530 


338 Answers 


2.24 X 1022. 12.15. 4.13 x 10-3 kg, 1.88 х 10%, 1.26 x 1022. 12.16. 
11.8 kg. 12.17. 64.5 GJ, 0.120. 12.18. 278 A/m?. 12.19. 9.65, 18.4 g. 
Iron is liberated at the cathode and chlorine at the anode. Positive 
metal ions move to the cathode, while negative chlorine ions move 
to the anode. 12.20. 9.4 h. 12.21. 52 min. 12.22. 2.6 x 104 kWh, 
520 rubles. 12.23. 4.5 kg. 12.24. 12.5 h. 12.25. 2.7 x 10-9 m/s. 
12.26. 312 К. 12.27. No, it was not. A correction of 0.1 А is required. 
12.28. 1.045 х 10-8 kg/C, 2.38 x 10-7 kg/C, 1.26 x 10-? kg/C. 
12.29. 50 C, 56 mg. 12.30. About 29 W. 12.31. 369 mg. Hint. See 
Fig. 161. The area of the trapezium is equal to the amount of elec- 
tricity passing through the e ectrolyte from the moment when the 
current starts changing. 12.32. About 28.2 A/m?. 12.33. 1.9 x 102°, 


m У 
12.34. бр = U — т В = 08 V. 


13.1. As a result of recombination, charged particles are transformed 
into neutral atoms, and the gas becomes an insulator. 13.2. OA is 
the region of dynamic equilibrium between ionization and recombi- 
nation (the region where Ohm's law is ap- 
proximately valid), AB is the region of the 
Saturation current (the current depends only 
on the intensity of the ionizer), and BC isthe 
region of impact ionization (self-sustained 
discharge). 13.3. (1) Charge carriers in a 


conductivity. ivity i as does 
D uctivity. (3) Conductivity in a gas 
Fig. 461 should be increased. 13.5. No, it is not. For 


А t t : Zn 
current in the spark Bs rength should be igh. 13.6. The larg 


Which interrupts the di 
high-voltage power lines; 
filtre for the purification o 
gas ions, and Mercury vapour. 13.9. 


metal) reduces the w 
18.14, Tha horizonio 


atures of the filament, As the temperature 
lectrons is increased. 13.12- 
using electric or magnetic 
oink FRE ente saps 
~ e neck of the tube a sed to produ 

magnetic fields. 13.13. In a gas under ора 
carriers are absent, or their number is negligibly small. Plasma, 18 
а mixture of electrically charged particles, such that the total negative 
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charge of the particles is equal in magnitude to the total positive 
charge. The presence of charged particles in the plasma ensures its 
electrical conductivity. This cannot be said of a gas. 13.14. 4.3 V. 
13.15. It will increase by a factor of 1.2, 1.6 X 107 m/s, 1.9 X 
10? m/s. 13.16. 1.03 х 109 m/s. 13.17. 1.03 х 107 m/s, 9.7 x 10-19 s. 
13.18. 7.95 х 10° m/s. 13.19. 2.18 x 109 m/s. 13.20. 6.4 х 10-4 A/m?. 
13.21. 3 jun. 13.22. 1.26 x 1013 m-?. 13.23. 1.46 x 104 m?/(V -s). 


14.1. Curve Z. 14.2. Electrons and holes. 14.3. The number of holes 
is equal to the number of electrons; no, it is not. 14.4. n-type (phos- 
phorus is pentavalent); p-type (aluminium is trivalent). 14.5. It will 
decrease. 14.6. It will increase by a factor of 2.4 X 10%. 14.7. b = 
2.5 X 10-3 m?/(V-s), n = 1018 m-?. 14.8. It is a semiconductor with 
terminals to be connected to a circuit. For these thermistors, the 
current does not depend linearly on the applied voltage. 14.9. Ther- 
mistors are based on the temperature dependence of resistance, while 
photoresistors make use of the dependence of resistance on illumi- 
nance. 14.10. A transistor is a semiconductor device in the form of 
a crystal containing two p-n junctions. These regions are the base, the 
collector, and the emitter. 14.11. If the thickness of the base is much 
smaller than the mean free path, minority charge carriers getting into 
it have no time to recombine. 14.12. Tem = Ib + Гсо1. 14.13. The 
application of semiconductor devices in radio engineering saves energy 
and makes appliances more compact and durable. 


15.4. If we mentally divide the current-carrying conductor into a 
large number of elements, for each element there exists an element 
in which the current has the opposite direction, and hence these two 
elements repel each other. With such interaction between the elements, 
the conductor will assume the circular shape. 15.2. Connecting the 


1 
NC NN T f. 
esce = — 

> + E um 

Fig. 162 Fig. 163 


voltmeter to points 7 and 2 (Fig. 162), we can determine the point 
with a higher potential. Then we can bring a magnetic needle to one 
of the conductors and determine the direction of current from the 
deflection of the north pole. 15.3. See Fig. 163. 15.4. See Fig. 164. 
15.5. See Fig. 165. 15.6. See Fig. 166. 15.7. The magnet will be re- 
pelled by the solenoid and will rise. 15.8. The coil will be deflected 
to the right. 15.9. For the indicated direction of the current, the loop 
will be rotated clockwise if the north pole is on the right; through 90°. 
15.10. 0.46 N. 15.11. 0.8 m. 15.12. 50 A. 15.13. 2.8 m. 15.14. 0.4 N, 
0.2 №, 0. 15.15. 1.2 x 10-2 T. 15.16. We must bring the magnet 
to the lamp. The filament in the a.c. circuit will oscillate and will 


22* 
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appear as blurred. 15.17. 0.42 N. 15.18. Г = pSg/B; from № to M. 
15.19. 15.7 N. 15.20. 275 A. 15.21. 26 A/m, 3.25 x 10-5 T. 15.22. 
5 X 10-5 T, 4 cm. 15.23. 7 x 10-5 and 1 x 10-5 T. 15.24. 3.14 X 
1055 T, 6.9 сш. 15.25. 125 A/m, 10 A. 15.26. 16 A, 16 A/m. 15.27. 
1.1 X 10-1 А „п, 15.28. About 2.4 А, 16 A/m. 15.29. 5.7 x 10-6 N-m. 
15.30. 3 x 10-* T. 15.31. 7.5 X 103 A/m, 9.4 x 10-3 T. 15.32. 


5 м 
- + 
$ = 3 N 


Fig. 164 


1.5 mm. 15.33. 800, 280. The permeability of steel decreases. When 
the magnetization of a ferromagnetic attains saturation, the magnetic 
induction increases only due to increasing magnetic field strength. 
15.34. 0.5 T, 1.5 mWb. 15.35. 7.9 x 10-? Wb. 15.36. 2 x 10-1 Wb, 
2.4 X 10-4 J. 15.37. 144 mWb. 15.38. 7.2 x 10-4 Wb. 15.39. 0.2 T. 


(a) (5) 

[| 

<Q © 

[s] | 5 | 
Fig. 165 Fig. 166 


100. 15.40. At the initial moment, th f is di icall 
downwards; a circle. 15.41. 3.0 x 10-15 N. [^ wg eral X 107 s 
2.5 MHz. 15.43. The velocity vector must be perpendicular to the 


plane containing vectors E and B. i s 
uniformly in a straigh By hypothesis, the electron move 


t line, and hence F, — 0, v = E/B. 15.44. 
14 X 10-м J. 5.45. 3 016 5.46. Ty, = Tu 18 
"nq 19. 3.9 mm, 4.4 cm. 15.46. T, = Tia. 15.47. 


16.1. An emf will be induced in th, 1 

e case " d. oles 

of fha Pme ое (disconnected). ее Wham HA p 
101 changes, whi i Па А Я 

16.3. From прев, а emergence of an induced current 


induced in the upper part of the fr. is di i 
e Irame is directed a from us in 
the cases (a) and ( ) and towards us in the ева (b) and (5) 16.7. The 
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Second rod is nonmagnetized. 16.8. The current through the galvano- 
meter flows in the upward direction. 16.9. The induced current has the 
counterclockwise direction. 16.10. When the magnet enters the cyl- 
inder and emerges out of it, the magnetic field produced by the current 
induced in the cylinder decelerates the motion. If the cylinder is 
long, а = g in it. 16.11. Yes, it is. The galvanometer reading is 0 
since the emf's induced in each half of the conductor are equal in 
magnitude and have opposite directions. 16.12. 3.4 X 107? V. 16.13. 
6 A. 16.14. 1.4 T. 16.15. 0.46 V. 16.16. About 20 m/s. 16.17. 2 V, 
0.5 A. 16.18. 30°. 16.19. 64 V. 16.20. 6 mWb. 16.21. 100 V. 16.22. 
1.5 s. 16.23. 0.8 V, 8 mWb. 16.24. 0.4 Wb. 16.25. 0.1 H. 16.26. 
A core made of a ferromagnetic must be inserted into the solenoid. 
16.27. A self-inductance emf emerging during the disconnection of the 
circuit has the same direction as the emf of the source, and their 
Joint action causes sparkling. A capacitor connected to the switch 
eliminates this effect. 16.28. 7 А. 16.29. About 2.7 A. 16.30. About 
2.7 J. 16.31. 0.216 J, 0.036 Wb, 0.72 V. 16.32. 1.5 X 10- C. 16.33. 
4 mA. Hint. I — &/R, $ = —AD/M, АФ = А (BE). Since 7 
does not change, АФ = РАВ, I = PAB/(RA). 


17.1. 5 s. 17.2. 2. 17.3. 2 s, 0.5 Hz. 17.4. 2.51 rad/s, 2.5 s. 17.5. 1 5, 
1 Hz. Hint. The time elapsed between the impact against the floor 
and the moment the bounced ball attains the upper point is Т/2. 
17.6. The frequency of vibrations will not change, but the vibrations 
will attenuate sooner. 17.7. 2 Hz, 0.5 s. 17.8. (a) In phase; (b) and 
f in antiphase. 17.9. о = 2лп/і = 3.46 rad/s. 17.10. 4.77 Hz, 
21 s. 17.11. 0.5 Hz, 2 s, 3.14 rad/s. 17.12. 4.25 m, 0.3 rad/s, 0.75 rad, 
20.9 s, 0.9 rad. 17.13. 0, 2 cm, 0, —1 cm. 17.14. 27 rad, л rad, л/2 rad. 
17.15. 3.54 cm. 17.16. 0.85 m, 0.6 m, —0.6 m. 17.17. —1.04 m, 0.85 1n, 
0; see Fig. 167. 17.18. 4 m. 17.19. 14.2 cm. 17.20. 6 m, 2 Hz, 0.5 s, 
—n/2 rad, z = 6 sin л (4t — 0.5). 17.21. 5.2 m. 17.22. л rad, 0. 
17.23. (a) Ag = 37/2 rad or Аф = —л/2 rad; (b) Ag = 2/4 rad. 
Hint. (а) фу = 3nt/2 + 51/2, Pe = 3nt/2 + n/2 + n/2; Ap = Ф — 
Фа, (b) фи = at/4 + 71/4, фо = ot/4 — я n/2. 17.24. (a) z= 
2 sin x (t + 1/3), (b) = = V 3 sin (5270) (t — 1). Hint. (а) = = AX 
sin (ot + фо), ИЗ =A sin фо, 1 = А sin [(2z T) (T/4) + qo] = A X 
sin (л/2 -- Фо) = A cos фо. Solving these equations together, we 
obtain А = 2, фо = 1/3. (b) 0 = А sin (o + фо), consequently, 
o=—g, V 32 = А sin o, —3/2 = А sin2o = 2A sin © cos o, 
—3/2— V 3cos o, cos o= —V 3/2, o= 52/6, A — V 3. 17.25, (a) z = 
0.09 sin 40nt, (b) = = 5 sin x (t + 1/4), (c) = = sin л (2/3 — 1/4). 
17.26. 4.17 x 10-? s, 8.33 х 10-2 s, 8 m. Hint. The displacement 
equal to half the amplitude corresponds to the phase л/6, ort; = 7/12. 
Knowing the period, we can determine the time 2; = 0.0417 s. The 
displacement equal to half the amplitude (from the point of maximum 
deviation) corresponds to the change in phase by 1/3, or tą = 7/6. 
Hence t, = 0.0833 s. During 10 s, the body completes 20 vibrations, 
and hence s = nX4A = 20 0.4 m = 8 m. 17.27. The force of 
gravity does. The equilibrium position is. The force is at a maximum 
in the extreme positions and at a minimum in the equilibrium position. 
17.28. v = Aw cos (wt + фо). The motion of the ball is not uniformly 
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variable since the restoring force varies all the time. 17.29. Yes, they 
will. 17.30. The aluminium ball will come to a halt first. 17.31. The 
acceleration for the amplitude value of the displacement is maximal 
and in the equilibrium position is minimal. The velocity has the 
maximum value in the equilibrium position. 17.32. F = mg sin а = 
6.93 X 10-2 М. 17.33. 204 g. 17.34. 30°. 17.35. The period of oscilla- 
tions of a pendulum depends on the free fall acceleration which is 
different at different latitudes. 17.36. The length of the endulum 
becomes smaller with decreasing temperature and hence the period 
changes (the clock will be fast). The correct pace can be restored by 
changing the length of the pendulum by displacing its load. 17.37. 
The period will double. 17.38. The length of the pendulum should be 
reduced by a factor of 6.05. Hint. By hypothesis, the periods of the 
pendulum on the Earth and on the Moon must be the same. Expressing 


the periods by the formula T = 21 Wg for the conditions on the 


wer 


Fig. 167 


Fig. 168 


Moon and on the Earth, we obtai 


lwarth ора = &varth/&Moon = 6.0. Moon = lgartn/6.05. 17.39. 


.008 s, 4.92 s, ) 
Will keep correct t (b) Lees 1.40. 9.82 mist. 17.41. (a) The clock 


е has the minus sign. 7, = 2, Ив, 27, = 
E EE MATT à То = 2n V l/g, 27, 
17 LUE в), 12 Ува, g= (€ — g1), gı = 0.758, 
4 ere mg, it is directed upwards. 17.44, (a) 0.5mg ‘с zt 0.464 rad 
бае А 30°, (b) 1.2mg, а = 0.876 rad ог æ = 50°42’, Solution. 
he resu tant force acting on the ball can be found from the right- 
angled triangle (Fig, 168: PF, = ma, | m*g? F Fè, whence a = 
УЕ + Pim? Solving this equation together with the two equations 
for the periods of oscillations 7, = 2x Vg and Kcu V Ut 


where k = Т/Т we obtain F = mg VA/(k* — 1). The equilibrium 
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position corresponds to tan œ = F/(mg). 17.45. T = 0.997, (see 
solution of Problem 17.44). 17.46. 1.9 s (sce solution to Problem 17.44). 
17.47. 0.9 Hz (see solution to Problem 17.44). 17.48. Yes, they will 
be harmonic; the force of gravity changes the position of equilibrium. 
17.49. 1.13 Hz. 17.50. 126 N/m. 17.51. 0.03 m, 31.3 rad/s, 0.2 s, 
—n/2 rad, z = 0.03 sin (31.3; — 3/2). 17.52. 8 x 10-3 J. 0.14 m/s, 


1 m/s, 17.53. 6.32 J, the energy does 
not depend on the initial phase. 17.54. 
0.192 J, 0.6 m/s, 0.1795 J, 0.0125 J, 
х = 1.96 x 10-?sin (31.67 — 0.57). 
Hint. When the engine is switched off, 
the spring is stretched to the amplitude 
of the displacement. In this case, 
т-р = КА. 17.55. = = 3 соѕ 0.2 х 
ѕіп(лі — 0.22), 3 cos 0.2 m, 0.5 H2, 23, 
—0.2л rad/s, x rad/s. Hint. Ву using 
the formula for the sine of double 
angle sin 2а=2 sin « cos с, the equa- 
lion can be transformed to the conven- 
tional form. 17.56. The pendulum clock 
is 47.6 s slow. Solution. The motion 
of the rocket can be divided into 
three parts (Fig. 169). On the first seg- 
ment, the acceleration is directed 
upwards, and a, = g; on the second 
segment, which lasts until the engine 
is switched off, the rocket falls free- 
ly, and on the third segment of dece- 
leration, the acceleration is directed upwards. Let us first determine 
ta and ty. In order to find ty, we shall use the formula for a uniformly 
accelerated motion: № = hy + vot + gt*/2. In the case under consid- 
eration, h = Hs, № = Hy, and v, = vi. Taking into account the 
sign of the acceleration and the quantities v, = gi and H, = 28/2, 
we can write the equation Ha = gt}/2 + glite — gi3/2, whence t$ = 
и + V2 (tt Нб) = 70 s. Let us now consider the third segment 
of the path. Here ve = v; — £l: = & (и — te) = —392 m/s, аз = 

v3/(2H) = —8g, ta = Vlas = 5 3. On the first segment, the period 
of the pendulum clock is 7 = Qn y/U/2g = Ty y 2. The clock is 
At, = 4 (VZ — 1) = 124 s fast. On the second segment, the pendu- 
lum clock has zero speed, and on the third segment it is fast: T= 
7013, At, = ta (3 — 1) = 10 s. In total, At = At, + Ate + АВ = 
12.4 s — 70 s+ 10 s = —47.6 s. 17.57. See Fig. 170. 17.58. 2 m, 
3 m, 5 m (Fig. 171). 17.59. z = 0, z = —sin ot, 0, —1 m (Fig. 172). 
17.60. (a) 2 y 2 m, (b) 5.4 m, (с) 5.4 m (Fig. 173). 17.61. p=arctan 0.4= 
0.38 rad = 21°48’ (Fig. 173c). 17.62. 3.6 m, 30°27" (Fig. 174). 
17.63. The particle vibrates about its equilibrium position. 17.64. 
See Fig. 175. 17.65. (a) To the right, (b) to the left. 17.66. The pro- 
pagation velocity depends on surface tension. 17.67. 0. 17.68. 
16.7 m/s. 17.69. The velocity of sound is higher in iron; no, it cannot. 
17.70. The sound emerges as a result of friction between metal sur- 
faces in the hinge. Having a larger surface, the door augments the 


344 Answers 


хп) 
4 
VN 
: d 
NY 
+ 

ee 
Pig. 170 Fig. 471 


Fig. 173 


Ef 
Fig. 174 


Fig. 175 


Answers 345 


vibrations. 17.71. Elastic forces. 17.72. The velocity of propagation 
of sound depends on temperature and pressure. 17.73. Ап acoustic 
wave propagating in the rail is artially reflected from the surface 
of the rail inwards, and hence the intensity of the sound does not 
attenuate as rapidly as in the spherical wave propagating in air. 
17.74. The sound will not be detected. 17.75. The vibrations of the 
tuning fork are transmitted through the surface of the table which 
is much larger than the surface of the tuning fork. 17.76. The sound 
from the tuning fork in contact with the table will die away sooner 
since the energy of the tuning fork is spent on the vibration of the 
lable. 17.77. 22.7 cm-11.3 cm. 17.78. 0.66 m. 17.79. 0.5% rad. 17.80. 
The air column in the cap will start vibrating. 17.81. 1545 Hz. 17.82. 
6 cm. 17.83. The frequency of the sound will increase. 17.84. 1445 m/s, 
3638 m/s. 17.85. The values of v and 7 will not change, while А will 
increase by a factor of 14.7. 17.86. 1200 m. 17.87. 2.04 mm, 5.4 mm. 
17.88. 3 km. 17.89. 13.2 s. 17.90. 2 x 10-8 %, 6 cm. 


18.1. 0.02 s, 100 times. 18.2. 4.24 A. 18.3. No, it cannot. 18.4. 177 У, 
314 rad/s. 18.5. 63.8 A, (314t + л/4) rad, л/4 rad, 50 Hz. 18.6. 0, 
126.6 V, 179 V, 89.5 V. —155 V, —179 V, —126.6 V, 0. 18.7. —3 А; 
1.5 A. 18.8. (а) If the plane of the frame is perpendicular to the mag- 
netic field lines, (b) if the plane of the frame is parallel to the magnetic 
field lines. 18.9. 5 X 10-4 V. 18.10. The induced emf will not change. 
18.11. (a) The induced emf decreases by a factor of 1.3125; (b) increases 
by a factor of 1.19; (c) increases by а factor of 1.143. 18.12. 120. 
18.13. 0.046 T. Hint. The beginning of oscillations of the emf corre- 
sponds to the position of the frame in which its plane is perpendicular 
to the magnetic field lines. 18.14. 0.157 V, 207 rad/s, 0.1 s, —q/4 rad, 
e = 0.151: sin л (20t — 0.25). 18.15. The impedance оѓ the conductor 
increases sixfold; the impedance is equal to the resistance of the con- 
ductor. 18.16. 4 Q, 3 Q. 18.17. 152.6 Q. 18.18. The resistance will be 
infinitely large. 18.19. 31.8 Q, 0.53 ©. 18.20. 531 Q. 18.21. 18.5 Q. 
18.22. 28.2 A. 18.23. 50 pF. 18.24. 127 V, 179 V. 18.25. Ос = 16 Vy 
U, = 96 V, 200 Hz. Hint. The answer is obtained by solving the two 
equations: Хр — Хе = UM, and X;/2 — 2Хс = U/I,. 18.26. See 
Fig. 176. 18.27. (a) Зее Figs. 177a and b, (b) see Figs. 177c and d. 
18.28. (a) See Fig. 178a, (b) see Fig. 178b. 18.29. (a) See Figs. 179a 
and b, (b) see Fig. 179c. 18.30. (a) See F'ig. 180a, (b) see Fig. 180b. 
18.31. (a) See Fig. 181a, (b) see Figs. 181b and c. 18.32. See Fig. 180a 
to Problem 18.30. 18.33. See Fig. 180b to Problem 18.30. 18.34. (a) 
100 Q, 1.2 A, 72 V, 96 V, see Fig. 182a, (b) 4 0, 30 A, 114 V, 42 V, 
see Fig. 182b, (c) 16 Q, 7.5 A, 180 V, 60 V, see Fig. 182c. 18.35. (a) 5 Q, 
44 А, 220 V, 1866 У, 1866 V, see Fig. 183a, (b) 42.4 Q, 5.2 A, 156 V, 
327 V, 171 V, see Fig. 183b. 18.36. (a) 12 A. 9 A, 15 A. 0.8, sce 
Fig. 184a, (b) 30 A, 18 A, 40.25 A, 0.894, see Fig. 184, (c) 18 A, 9 A, 
20 A, 0, see Fig. 184c. 18.37. (а) 6 A. 12 A, 12 A,6 A, 1, see Fig. 185a, 
(b) 4 A, 3.6 A, 7.5 A, 6 A. 0.67, see Fig. 185b, (с) 9 A, 18 A, 6 A, 15 A, 
0.6, see Fig. 185c. 18.38. The inductance should be increased by 

R ae 


0.484 H; 120 V. Hint. From the condition — = V3 

FRF oL? 2 

we obtain ee Riles The equality of the phase differences leads to 
В оүЗ : 
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^ R R R 
the equation EA 


VIR + AREF о? (1 + ALY VRF oT. 


Hence 


АВ = 
AL = АВ р = AR 


1 
oV3: 18.39. 17.3 Q, 0.04 Н. 18.40. Ug = 


32 V, Ир = 48 V, Uc = 32 V, Utot = 36 V, 20734, see Fig. 186. 
18.41. 1594 uF. 18.42. 


Hydraulic turbines cannot ensure the required 


fe) 
ü 
Ee 
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Fig. 185 


speed of rotation of the generator’s rotor. In order t btain the stan- 
dard frequency (50 Hz), multipole gener onare a. i 

d nerators à crease 
in the number of pole pairs is Е ТЕ ар 


: uivalent t i i speed 
of rotation of the rotor. 18.43 20 ie qu, te 5p 
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ing current and the speed of rotation n of the rotor are connected 
through the relation v — pn, where p is the number of pole pairs. 
18.44. 100 Hz. 18.45. No, it will not. 18.46. The transformer consu- 
mes an insignificant amount of energy. 
18.47. The huge current passing through | 
à short-circuited turn lends to heatingof  * 
the transformer and may damage it. 
18.48. 2. 18.49. 10. 18.50. 696. 18.51. 
16. 18.52. 0, 28.2 var, 28.2 VA. 18.53. 
72 W, 96 var, 120 VA, 0.6, 20 V. 18.54. 
108 W, 144 var, R = 27 ©, Xr, = 36Q, 
Xc = 72 Q. 18.55. 0.995, 380 W, 36 
var. 18.56. 270 VA, 200 W, 182 var, 
0.74. Hint. For the parallel connection, 
the power factor can be determined by 
two methods: cos ф = P/S or cosy = 


UR 
V vn 


vector diagram Гог currents. 18.57. 
0.019 Н, 240 W, 602 var. 18.58. 60 Q, % 
41.8 Q, 240 W, 344.7 var, 420 VA, 0.57. Fig. 186 
18.59. (a) 1, 160 W, 0; (b) 0.6, 120 W, 15. 

160 var. 18.60. 0.97, 8067 W, 2020 var. 

18.61. X = 12.5 Q, Л = 7.2 Q, 0.865, 400 VA, 0.25 Q. 


1/xà Which follows from the 


19.1. The frequency increases. 19.2. Yes, it will; the period will in- 
crease. 19.3. 500 m. 19.4. 7.94 X 104 Hz, 1.26 X 10-5 s. 19.5. The 
reflection of electromagnetic waves takes place. 19.6. Using ultra- 
short waves penetrating through the ionosphere. 19.7. 53 and 2640 m. 
19.8. About 200 m, 1.6 MHz. 19.9. 70 pF. 19.10. 45 km. 19.11. The 
power is proportional to the fourth power of frequency. 19.12. Сл. 
19.13. The signal is amplified at the expense of the source of electric 
energy. 19.14. 2.25 x 109 m/s, 0.13 m. 19.15. 7.5 mH. 19.16. 0.5 MHz, 
0.1 H. 19.17. 1.6 mm. 19.18. 10-5 s, 300 m. 19.19. 4.65 A. 19.20. 
4 AF, Emag = Ee = 2 X 10-5 J. 19.21. L= 


20.1. By 40°. 20.2. By 30°. 20.3. The mirror should be placed on the 
path of the rays at an angle of 78 or 12° to the horizontal. 20.4. (a) 68°, 
87. 20.5. The mirror should be placed at 


22°; (b) 22°, 68°; seeFig. 1 p r 2 
an angle of 45° to the horizontal with the mirror surface facing up- 
wards. 20.6. 160 cm. 20.7. In the vertical plane. 20.8. The image of 


the lamp will be virtual and symmetric about the mirror, see Fig. 188. 
20.9. 11.5 cm, see Fig. 189. 20.10. The mirrors should be placed at 
right angles to the lateral sides of the triangle 5,55, at equal dis- 
tances from the vertices, see Fig. 190. 20.11. (a) 3, (b) 5. 20.12. As 
a result of multiple reflections by the mirrors, a large number of images 
will be formed. 20.13. By making the distance to the building large. 
20.14. The rays emitted by the Sun can be treated as parallel, there- 
fore, the point of their convergence will be the focus. 20.15. 39 сш, 
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19.5 cm. 20.16. See Fig. 191. 20.17. 1.2 m. 20.18. 10.5 cm, 21 cm. 
20.19. 20 cm from the mirror. 20.20. 20 cm. 20.21. 24 cm, —1.7. 
20.22. 60 cm, 40 cm. 20.23. 0.2 m from the mirror. 20.24. 14 cm. 
20.25. The field of vision can be increased by using convex mirrors. 


Fig. 195 


Fig. 198 


Fig. 197 


20.26. 3 m. 20.27. 1.5 m. 20.28. —0.2 m, the image is virtual and 
reduced. 20.29. 0.24 m, see Fig. 192. 20.30. 86 cm. 20.31. 1.8. 20.32. 
35°. 20.33. 43°. 20.34. (a) About 8°, (b) 12°20’. 20.35. 50°. 20.36. The 
image of the fish in water is virtual and displaced. 20.37. 1.41, 54?40'. 
20.38. (1) For n, = no, (2) when e = 0.20.39. About 38°, 225000 km/s. 
20.40. 2.3 x 105 km/s. 20.41. 2 X 10° km/s, 1.5. 20.42. 35°. 20.43. 
57°. 20.44. See Fig. 193. 20.45. About 24°. 20.46. 1.5. 20.47. 33°20. 
20.48. Air bubbles on the surface of the blackened ball create the 
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conditions of the total reflection at the water-air interface. 20.49. 
The effect is explained by the total reflection. 20.50. See Fig. 194. 
20.51. 26 cm. 20.52. 0.75 m, see Fig. 195a. 20.53. 82.5 cm, see Fig. 195b. 
20.54. 4.5 cm. 20.55. 0.4 cm. 20.56. MN — 6.6 cm, see Fig. 196. 
20.57. All points are displaced similarly; the displacement is notice- 


Fig. 201 


able if the thickness of the glass i i 
ї gass is nonuniform. 20.58. 2.65 cm, 5 cm. 
20.59. See Fig. 197. 20.60. See Fig. 198. 20.61. Sc Fig. 199. 20.62. 


34°. 20.63. 17°. 20.64. 35°30’. 20.65. 38°. 20.66. n- sina T 


nA 
sin —5-. 20.67. 8 D, 2 D. 20.68. —4 D, —2.5 D. 20.69. 25 cm, —20 cm, 


—50 em. 20.70. It will be diverging if the trans arent medium in 
pich thie lens is placed is ontically denser than the material of the 
ens 0.71. See Fig. 200. 20.72. The brightness of the image will be 
reduced, see Fig. 201. 20.73. See Fig. 202. 20.74. They should be 
arranged so that the foci of the lenses coincide. 20.75. 30 cm from the 
pa the image will be real and reduced by a factor of two. 20.76. 
a cm, 30 cm, 20 cm, and about 17 cm. 20.77. (1) The height of tħe 
n; ge decreases, (2) the image is real, inverted, and full-sized, (3) the 

es should be between the focus and the lens. 20.78. 10 cm, 10 D. 
.79. See Fig. 203. In order to determine the optical centre О, we 
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draw a ray from point A to A’. It will intersect the optical axis at 
the optical centre. Then we draw another ray from point A parallel 
to the optical axis, which after the refraction by the lens will pass 
through the focus F’ and will arrive at point A’. In this problem, 
the converging lens produces a real image. 20.80. 24 cm. 20.81. About 


(0) 1 


Fig. 203 


Fig. 204 


3.1 D, 4. 20.82. 0.3 m. 20.83. 4 cm. 20.84. 1.75 m from the lens, the 
image is magnified X 2.5. 20.85. —2 m, the image 1$ virtual, erect, 
and magnified x5. 20.86. 24 cm. 20.87. —12 cm, 3.6 cm. 20.88. 
16 cm. 20.89. Yes, it will, / = оо. 20.90. 2.5. 20.91. —7.5 cm, about 
—13 D; see Fig. 204. 20.92. 0.5. 20.93. 4. 20.94. 0.15 m, about 7 D. 
20.95. 10 D, 5 D. Hint. The optical power Ф of the system is the sum 
of the optical powers of the lenses that are in contact and form the 
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1 
System. 20.96. About —6.7 D, Oconcave = dü—q4-— Pconves: 


20.97. 30. 20.98. 5 D. 20.99. 2.63 m. 20.100. 4 D. 20.101. For improv- 


ing the sharpness of the picture. 20.102. 19 m. 20.103. About 8.9 D. 
20.104. 7.25. 20.105. 2.5 ст, 16 cm. 


21.1. 2.51 X 103 Im. 21.2. 2.4 cd. 21.3. 3.167 Ix, 188.5 Im. 21.4. 
8 X 10-? Im. 21.5. 105 Im, 104 Im. 21.6. 39 lx. 21.7. 25 lx. 21.8. 2. 
21.9. E, — 13.3 lx, E, — 17.4 lx, in the latter case the соо аре 
is higher. 21.10. At about 41°. 21.11. The illuminance of the vertica 
wall is 6.33 times higher. 21.12. 224 X 106 km. 21.13. Solar rays are 
incident on the slopes at a smaller angle to their surface, consequently, 
the same surface area absorbs a higher energy per unit time. 21.14. 
35 Ix. 21.15. 67 1х, about 38 Ix. 21.16. 32.3 Ix. 21.17. 200 cd. 21.18. 
1 m, 0.71 m. 21.19. The illuminance under each bulb is the same and 
equal to 60 1x. 21.20. 55 lx. 21.21. About 700 cd. 21.22. 19 Ix. 21.23. 
Over the area smaller than 942 m?. 21.24. About 31 lx. 21.25. 2 m. 


as the sum of the illuminances produced by th 
formed by the plane mirror. 21.31. 2.6 $. Hint. 
photographs of the same quality, the Tollowing condition must „Бе 
fulfilled uring printing: the Same amount of energy must be supplied 
to the photographic paper: W, = W,. Since W= ФЕ = St, we 
obtain 51, = E,St,. Using this equality and having determined 
the illuminances, we caleulate the time ts. 


22.1. A bright Spot (enhancement of light) isobtained when the optical 
path difference of the waves is equal to 


dark spot (attenuation of light) is obt 
of the waves is equal to an odd number 
live interference will occur at point 7 and des 
point 2. 22.3. The effect is explained b 
nomenon appears due to interference of light. Yes, it will; 
dark and bright fringes are formed, whose col 
colour of rays incident on the surface of w. 
Vill be constructive (bright fringe). 22.6. 1.52 x 10-5 m, red. 22.7. 
When.the Soap film is illuminated by white light, interference occurs: 
in various regions, depending on the fi 
i i ses enhancement of some wavelengths and 
А 127.8. 3.2 mm. 22.9. 652 nm. 22.10. The radii 
will decrease, 22.11. It is b 


objective is chosen so th 


-violet tinge. 22.12, 4 = dh/L = 

5 aration between the light sources, h is the 

distance between two adjacent interference fringes and Z is the dis- 

tance from the Screen to the line Connecting the light’s sources. 22.13. 
6 mm. 22.14. About 3.6 m. 22.15 i 


MT 15. This is explained by diffraction 
of light. Eyelashes play the role gt a diffraction per em 22.16. Unlike 


the spectrum obtained with а prism, a diffraction Spectrum is uniform- 
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ly extended in all regions. Besides, spectra of several orders are obtain- 
ed to the right and to the left of the centrai bright line. 22.17. 0.4 um. 
Hint. For small angles, sines can be replaced by tangents; ^^ = d sin q. 
22.18. 618 nm, 484 nm. 22.19. 0.76 um. 22.20. 2 X 10-6 m, 5 X 
103 cm-!, 22.21. 4.34 cm. 22.22. 500. 22.23. 4. Hint. kA = d sin Ф, 
k = d sin q/A, the spectrum order will be maximum for sin ф = 1. 


23.1. The velocity of light in water is higher. 23.2. 1.33, 107? s. 
23.3. 5 х 101 Hz. 23.4. 759 nm, 0.4 pm. 23.5. About 1.23 X 
108 m/s. 23.6. 380 nm, 6 х 10!4 Hz. 23.7. Green, the colour of the 
light is determined by the frequency of oscillations which does not 
change as light propagates from one medium to another. 23:8. The 
wavelength will increase by 19 nm. 23.9. 1.85 X 103 m/s, 1.8 X 
103 m/s, 3.75 X 104 and 7.5 X 104 Hz, 494 and 240 nm. 23.10. 
About 605 nm and 485 nm. 23.11. Ice. 23.12. The word would not be 
seen through a red medium since it does not transmit green light. 
23.13. The ultraviolet radiation with a wavelength of about 290 nm 
corresponds to the maximum energy. 23.14. Eyes begin to react to 
complementary colours due to eye strain. 23.15. By investigating 
solar spectrumby absorption lines (spectral analysis). 23.16. 6000 K. 
Hint. For determining the radiant exitance of the Sun, use the tabu- 
lated value of the radius, e = E/(4z?). The temperature of the Sun's 
surface is determined from Stefan-Boltzmann's law e = gT*. 23.17. 
The nebula consists of stars. If it contained a gaseous substance, it 
would have a line spectrum. 23.18. 4.4 X 10° kg, 4.4 X 10% kg. 
23.19. 3683 K. Hint. Make use of Wien's law. 


24.1. About 1.67 Ра. 24.2. 141 КТ. 24.3. 3.86 Х 1077 Pa. 24.4. 3.75 X 
10-19 J, 2.34 eV. 24.5. 2000. 24.6. 2 х 10-18 J, 12.5 eV. 24.7. 104. 
24.8. 5.52 X 10-19 J, 0.6 X 10-35 kg, 1.84 X 10-7 kg-m/s. 24.9. 
5х 10-15. J, 5.5 X 10-9? kg, 1.66 X 10-23 kg-m/s; 4 X 10-18 J, 
4.4 x 10-35 kg, 1.33 X 10-0 kg.m/s. 24.10. Approximately to the 
east. 24.11. 4.9 X 10-19 J. 24.12. 653 nm. 24.13. 273 nm. 24.14. 
Yes, it will since А < Мь. 24.15. Silver will not be charged since 
A > Atn. 24.16. 1.44 X 10-19 J. 24.17. About 3.93 X 10-17 Ј. 24.18. 
2.4 x 10° m/s. 24.19. 2.9 x 10-19 J, 1.3 x 109 m/s. 24.20. 2.85 X 
108 m/s. Hint. Theelectron velocity obtained indicates that the re- 
lativistic formula has to be used. Since the electron work function 
for molybdenum is negligible in comparison with the energy of a 
photon, it can be neglected in calculations, and then the formula 
‚ (=) becomes лу = Eo -Á i 
hy = A +E (vimm ) ( у 2 ), 
—0.51 MeV is the rest energy of the electron. 24.21. 2.84 X 


where Ро 0 4 
he , moy hc т hc mvi — 
10-19 J. Solution. АЕ As =A 2.5 X e 
hc mv3 hc me _ hc mvs ie ( 1 1 ) 
"s cres рсе Я Ras COM RR ANC 
3mvj m heid 1 4 he -t (E) 
Em , he 3 Ay Ag]? 
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25.1. AL — 0.87 m — 0.66 m — 0.21 m. 25.2. v = 0.6c. 25.3. 2.601 X 
108 m/s; no, it will not. 25.4. In the form of a square. 25.5. 1.2 X 
10-1? ст, by a factor of 1.67. 25.6. About 3.57 years. 25.7. 10 years. 
25.8. About 40.2 X 10! km; about 2.68 x 105 AU; about 1.2 years. 
25.9. 44.4 years for the observer and 19.4 years for the cosmonaut. 
25.10. 3.73 x 10-13 kg. 25.11. 0.866c. 25.12. 0.968c. 25.13. 1.05 x 
10-30 kg, 2.09 x 10-30 kg. 25.14. 9.2 X 107 m/s. 25.15. 8.33 kg, 
2.2 X 104 kg/m?. 25.16. The mass and density will not change for the 
observer in the rocket. 25.17. 0.89. 25.18. 0.51 MeV, 1.02 MeV. 
25.19. 2.05 X 10-22 ke. m/s. 25.20. 900 m/s. 25.21. 1.25c, which con- 
tradicts the postulate of the theory of relativity on the impossibility 
to exceed the velocity of light; ~0.9¢. 


26.1. It is the flow of doubly ionized helium atoms. Thir mass is 
almost 8000 times as large as the electron mass. 26.2. The Lorentz 
force does. 26.3. y-radiation. 26.4. y-radiation 
netic waves following X-rays in the electromag: 
differing from them in a higher frequency (of the order of 10?» Hz) 
and hence in a higher energy. 26.5. 6. 26.6. An electron is born as 
a result of conversion of a neutron into à proton. 26.7, About 4 days, 
2 X 10-8 s-1, 26.8. Тру = 5 days, Тро = 138 days. 26.9. About 
1.2%. 26.10. 7.9 h, 1.3 X 10-5 5-1. 26.11. 4.5 X 10? years, about 
5 х 10-18 3-1. 26.12. The atom of ЗН contains one proton and two 


1 ач 
ns and two neutrons, aluminium 


n the number 


of neutrons, tabulated chlorine consists of 75% chlorine with the mass 


number of 35 and 25% chlorine with the mass number 37. 26.14. The 
nucleus of silicon atom; the nuclei of helium, carbon, nitrogen, oxy- 
‚ Sulphur, and calcium. 26.15. 4.8 x 10-19 C, 
4.64 х 10-18 С, 1.47 x 10-17 С. 26.16. 1.2 x 10-8 C. 26.17. Вне = 
22 X 1075 m, Ry = 8.7 x 10-5 qm. Pre = 1.44 X 1017 kg/m?, 
(E = 1-4 X 1019 kg/m?. 26.18. зело -> а е E 
It will be converted into neptunium: 
number does not change. The nucleus will b 
26.20. А neutron. iLi + 2H + 8Be +. 


carbon isotope: 14N -È on С + 1p. 26.22. It is an 


6.23. 1.02 MeV, 2.5 x 1029 Hz. 26.24, НМ + !2N + 216 — МЕ 
LIN + р. 26.25. The energy must be higher than the sum of the rest 


energies of an electron and i i a 2 MeV. 
26.26, HAL tHe - agr d а positron, i.e. larger than 1.02 M 


26.32. 0.0 into a neutron. 26.31. 0-12 amu or 1.99 x 10-28 kg. 
ER 07 ати, about 65.2 MeV. 26.33. 1.97 amu or 3.27 x 10-27 kg, 
li eV or about 2.9 x 10-10 J. 26.34. (1) Energy is absorbed, (2) 
iberated, (3) liberated. 26.35. 4.0 MeV or 6.4 X 10-13 J. 26.36. 
100 ke. 26.37. 1.67 П cases, the energy is approximately 
Iun d X 109 J. 26.39. Ahont oe ae ee is appr Т. 26.41. 
In fast neutron reactors, natural uranium is utilized with a higher 
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efficiency, and besides the nuclear fuel (plutonium) is reproduced. 
26.42. Gamma-quantum, electron, neutrino, and proton. 26.43. 
3 x 10-1 J. 26.44. About 1.13 X 1010 J. 26.45. About 3.2 X 10% J. 


27.1. 8 min 19 s. 27.2. 4.02 X 1013 km, 1.31 pc. 27.3. 5.54 li, 27.4. 
6.2 X 105 pc. 27.5. Sirius, Canopus. 27.6. Canis Major; this constel- 
lation is in the southern part of the celestial sphere. 27.7. 8.9 years. 
27.8. 3.04 x 10! pe. 27.9. Vega; Lyra. 27.10. The north and south points 
on the celestial meridian and points of east and west on the ce estial 
equator. 27.11. Serpens constellation. 27.12. The list of constellations 
may change depending on geographical latitude. 27.13. See the answer 
to Problem 27.12. 27.14. The Sun rises exactly at the east and sets 
exactly at the west only during the vernal and autumnal equinoxes. 
27.15. Aquarius, Capricorn, Sagittarius, Scorpius, and Libra. 27.16. 
At the poles. 27.17. About 55°. 27.19. 30°. 27.21. By 1°. 27.22. 
0, 0. 27.23. 0, 12 h. 27.24. 57°42’. 27.25. 1.9". 27.26. 1.392 x 109 km. 
27.27. 5.71 X 10? km. 27.28. 8.2 pc. 27.29. 84.01 years. 27.30. 
9.539 AU. 27.31. 5.203 AU, 778 х 10° km. 27.32. In the form of a 
narrow crescent. 27.33. This is valid for any latitude. 27.34. In the 
first quarter. 27.35. 7.5 X 10* years. 27.36. 0.545". 27.37. The incli- 
nation of the Venus axis to the plane of its orbit is close to 90°. 27.38. 


1400 kg/m?. 27.39. 7.7 Х 10? m/s. 
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Mir Publishers would be grateful for your comments 
on the content, translation and design of this book. 
We would also be pleased to receive any other sug- 
gestions you may wish to make. 

Our address is: 
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2 Pervy Rizhsky Pereulok 

1-110, GSP, Moscow, 129820 
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HIGHER MATH FOR BEGINNERS 
(MOSTLY PHYSICISTS AND ENGINEERS) 


Ya.B. Zeldovich, Mem. USSR Acad. Sc., and 
I.M. Yaglom, D.Sc. (Phys.-Math.) 


This kook has been written as an introduction into higher mathe- 
matics, Aside from such traditional topics as analytic geometry an 

differential and integral calculus, the book introduces the notions of 
power and trigonometric series, studies simple differential equations, 


and discusses some special topics in physics. 
It is intended for high-school students, freshmen at universities 


and technical colleges, and anyone wishing to brush up on the 
clements of higher mathematics. 


А COLLECTION OF QUESTIONS 
AND PROBLEMS IN PHYSICS 


L.A. Sena 


The Collection contains more than 400 questions and problems 
covering all the sections of the physics course. All questions and 
problems have detailed answers and solutions. For this reason the 
two main sections of the book, Questions and Problems and Ans- 
wers and Solutions, have identical headings and numbering: each 
chapter in the first section has a corresponding chapter in the 
second, and the numbering of answers corresponds to the number- 
ing of problems. 

A special feature of the Collection is the drawings and diagrams 
for most of the questions and answers. The diagrams use a variety 


theory of relativity. These are placed in different chapters, starting 
from the one dealing with mechanics. 


The Collection is intended for the self-instruction of students of 
technical colleges. 
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